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Abstract

Purpose

Cartilage canal vessels are critical to the normal function of epiphyseal (growth) cartilage
and damage to these vessels is demonstrated or suspected in several important develop-
mental orthopaedic diseases. High-resolution, three-dimensional (3-D) visualization of carti-
lage canals has recently been demonstrated using susceptibility weighted imaging (SWI).
In the present study, a quantitative susceptibility mapping (QSM) approach is evaluated for
3-D visualization of the cartilage canals. It is hypothesized that QSM post-processing
improves visualization of the cartilage canals by resolving artifacts present in the standard
SWI post-processing while retaining sensitivity to the cartilage canals.

Methods

Ex vivo distal femoral specimens from 3- and 8-week-old piglets and a 1-month-old human
cadaver were scanned at 9.4 T with a 3-D gradient recalled echo sequence suitable for SWI
and QSM post-processing. The human specimen and the stifle joint of a live, 3-week-old
piglet also were scanned at 7.0 T. Datasets were processed using the standard SWI
method and truncated k-space division QSM approach. To compare the post-processing
methods, minimum/maximum intensity projections and 3-D reconstructions of the pro-
cessed datasets were generated and evaluated.

Results

Cartilage canals were successfully visualized using both SWI and QSM approaches. The
artifactual splitting of the cartilage canals that occurs due to the dipolar phase, which was
present in the SWI post-processed data, was eliminated by the QSM approach. Thus, orien-
tation-independent visualization and better localization of the cartilage canals was achieved
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with the QSM approach. Combination of GRE with a mask based on QSM data further
improved visualization.

Conclusions

Improved and artifact-free 3-D visualization of the cartilage canals was demonstrated by
QSM processing of the data, especially by utilizing susceptibility data as an enhancing
mask. Utilizing tissue-inherent contrast, this method allows noninvasive assessment of the
vasculature in the epiphyseal cartilage in the developing skeleton and potentially increases
the opportunity to diagnose disease of this tissue in the preclinical stages, when treatment
likely will have increased efficacy.

Introduction

Susceptibility-weighted imaging (SWI) is an MRI technique that utilizes subtle differences in
magnetic susceptibility values between tissues to generate contrast [1-3]. SWI has been primar-
ily used for imaging the brain, including anatomical features [3-5], the venous vasculature [1,
2], areas of hemorrhage and other brain lesions [6, 7], and quantification of iron content [8],
areas of calcification [9], and oxygen saturation [10]. Typical SWI approaches rely on high-
pass filtering of the phase and subsequent generation and application of a phase mask to the
magnitude data [11]. Potential drawbacks of the SWT technique, however, are that it is qualita-
tive and suffers from artifacts due to the dipolar nature of phase accumulation between sub-
stances of different magnetic susceptibility [12, 13].

Quantitative susceptibility mapping (QSM) is an approach that attempts to calculate the
underlying susceptibility distribution from the phase data [10, 13-16]. The non-uniform sus-
ceptibility distribution generates phase changes, from which the susceptibility can be derived
by solving an ill-posed inverse problem [13-15, 17]. As the susceptibility distribution is
revealed, the result is quantitative as opposed to the qualitative SWI data. Furthermore, the
boundaries between susceptibility differences are better defined in the actual susceptibility
maps than in the SWI data.

Recently, the utilization of SWI for 3-D visualization of cartilage canal vasculature in the
epiphyseal cartilage in the developing skeleton was introduced [12, 18] and its successful appli-
cation was demonstrated [19]. The vasculature in the epiphyseal cartilage is confined to carti-
lage canals, structures composed of arteries, veins and capillaries embedded in a connective
tissue matrix [20]. The diameter of the canals has been reported to range from 0.2 to 0.6 mm,
with the confined vessels ranging from 0.01 to 0.16 mm in diameter in young piglets [12, 21].
While the imaging of cartilage canals was demonstrated using SWI with a detection limit
roughly scaling with the imaging resolution (canals of approximately 100 um were detected at
9.4 T at 100 pm isotropic resolution), this method was not free of artifacts [12]. Vessel splitting
artifacts, apparent in the SWI data in planes parallel to By, resulting from the dipolar phase pat-
tern, hamper three-dimensional assessment and analysis.

The purpose of this study was to explore the application of quantitative susceptibility map-
ping for the post-processing of cartilage canal data acquired for SWI. We hypothesized that
QSM post-processing would allow resolution of the splitting artifact present in the SWI post-
processed data and thus improve visualization of cartilage canals in arbitrary 2-D planes or in
3-D reconstructions. To test our hypothesis, cadaveric human and porcine distal femoral speci-
mens were imaged ex vivo at 9.4 T and the resulting images were post processed using SWI and
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QSM. The utility of QSM at a lower field strength and lower resolution was evaluated using
data obtained from the same human specimen scanned at 7.0 T. To further evaluate the poten-
tial of the approach, a piglet was scanned in vivo at 7.0 T and the resulting images were ana-
lyzed similarly.

Methods
Specimens

A knee joint from a 1-month-old male human cadaver was obtained from Allosource (Allo-
source, Centennial, CO, USA) and distal femora from 3- and 8-week-old porcine cadavers
were randomly selected from animals presented to the Minnesota Veterinary Diagnostic Labo-
ratory for diagnostic necropsy. A 3-week-old piglet for in vivo scanning was supplied by the
University of Minnesota Research Animal Resources. (Some of the SWT data for the porcine
specimens have been previously reported [12, 19], and were re-analyzed in the present study).
All animal procedures were approved by the institutional animal care and use committee of the
University of Minnesota (protocol: 1111A06521). Specimens were stored at -22°C and thawed
at room temperature prior to scanning.

MR imaging

Imaging of the specimens was conducted at 9.4 T, using an Agilent scanner equipped with
Vnmr] software version 3.1 and a quadrature volume transceiver coil (Millipede, Varian NMR
Systems, Palo Alto, CA, USA). The specimens were immersed in perfluoropolyether to ensure
a proton-free and susceptibility matched background and oriented with the femoral shafts
approximately along B,. Data were acquired using a 3-D gradient recalled echo (GRE)
sequence with an isotropic resolution of approximately 100 um, adjusting the field of view
(FOV) and matrix size to fit individual specimens. The scan times varied from 43 minutes to
98 minutes depending on the size of the FOV and, thus, the imaging matrix. For all of the
acquisitions, the repetition time (TR) was set to 40 ms and the echo time (TE) was set to 14-15
ms. Acquisition bandwidth was kept to the minimum permitted for the chosen TE, generally
around 43 Hz / pixel. The flip angle was set to 15 degrees [12].

The sample obtained from the 1-month-old human cadaver was also imaged at 7.0 T (Mag-
netom 7T, Siemens, Erlangen, Germany) using an 8-channel transmit/receive [adult size] knee
coil (Virtumed, LLC Minneapolis, MN, USA) driven by a B; shimming unit (CPC, Hauppauge,
NY, USA) with eight 1 KW amplifiers. B; " shimming was applied in a manually defined region
of interest (ROI) in order to maximize flip angle homogeneity as described previously [12, 22,
23]. The data were acquired using a 3-D GRE sequence with TR = 45 ms, TE = 2.46,4.54, 7.1,
11.2,17.21 and 29.06 ms with bandwidth = 685, 566, 395, 200, 150 and 60 Hz / pixel, respec-
tively, for each echo time. Variable bandwidth within the same sequence was used to gain both
short echo time and high-signal long echo time images in a single shot scan. An isotropic reso-
lution of 320 um was achieved. For SWI and QSM, the processing was done using the data
with the longest echo time; for comparison, unprocessed GRE images acquired with the longest
echo time were also assessed.

In vivo imaging of the 3-week-old piglet was conducted at 7.0 T as well. The imaging proce-
dure was identical to the ex vivo human specimen including B, shimming. A single-echo 3-D
GRE sequence was used with parameters TR =27 ms, TE = 15 ms, bandwidth = 90 Hz / pixel
with an isotropic resolution of 250 pm. The SWI data of the in vivo pig were previously pub-
lished; further details on the acquisition can be found in reference [12]. For all the 7.0 T acqui-
sitions, the data from individual receive coils was combined using the on-line adaptive
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combine mode provided by the scanner software; phase and magnitude data output from the
scanner were converted to k-space data for further processing.

Post-processing. Susceptibility weighted imaging. SWI-post processing of the 3-D GRE
data was done according to earlier reports [11, 12, 24]. Briefly, 1) the phase data were high-pass
filtered by homodyne filtering using the central half or the central quarter of the k-space in
each dimension for the ex vivo and in vivo specimens, respectively [11], 2) a phase mask was
created, and 3) the phase mask was applied to the magnitude data (multiplied) four times in all
cases [11, 12].

Quantitative susceptibility mapping. A 3-D segmentation of the region of interest was
done, generating a binary mask for the epiphyseal cartilage, as required by the QSM processing
and later steps of the SWI visualization. For specimens scanned at 9.4 T, which were immersed
in perfluoropolyether and had a clean 'H-signal free background, the segmentation was gener-
ated by first applying 3-D smoothing using a 7 x 7 x 7 box convolution kernel to the data, then

thresholding using the value x —~ 40, where xwas the average intensity in a manually defined
coarse ROI within the area of interest (within epiphyseal cartilage) and o was the standard
deviation of the signal in the same ROI. The mask generated by thresholding was then eroded
once (or twice if necessary) using a six-connected 3-D structuring element to increase distance
from edges. The final mask was then used in the further post-processing steps. The 7.0 T scans
of the 1-month-old cadaveric specimen (immersed in saline) and the 3-week-old in vivo piglet
were manually segmented and then the manual segmentation mask was fine-tuned by similar
3-D smoothing and erosion steps.

The QSM post-processing of the 3-D GRE data was done using the truncated k-space divi-
sion as presented by Shmueli et al [13]. Prior to k-space filtering, unwrapping of the phase was
first done using Laplacian unwrapping, applying the code provided by Bilgic et al, as supple-
mentary material [15], followed by SHARP filtering (using the same code) to remove the back-
ground field [14, 15]. The kernel size was set to 9 x 9 x 9, resulting in filter length of
approximately 0.9 mm for the 9.4 T data and in 2.3 mm (in vivo pig) and 2.9 mm (ex vivo
human) for the 7.0 T data. The truncation value chosen for SHARP processing was 0.25 for ex
vivo human at 9.4 T and 0.5 for the ex vivo pigs at 9.4 T and for all of the 7.0 T acquisitions.
These values were established based on visual inspection of the resulting background-corrected
phases, resulting in a markedly larger value than 0.05 used by Bilgic et al [15] and Schweser
et al [14]. For the truncated k-space deconvolution filtering [13], a k-space filter kernel 1/(1/3 -
k,%/K?) was used. The effect of the kernel truncation value on the resulting susceptibility distri-
bution of the cartilage canals and on their visual appearance was investigated and, finally, trun-
cation of the filter to the minimum absolute values (i.e. to 3/2), was chosen for visualizations to
reduce artifacts.

Image data post-processing. The final SWI and QSM datasets were masked to remove
background and bone signals prior to further processing. For assessment of cartilage canal sus-
ceptibility values, an ROI restricted to the canals was generated and histograms as well as aver-
ages of the susceptibility values within the ROI were calculated. An ROI consisting of only
cartilage canals was created by thresholding the susceptibility data based on a small initial man-
ual ROI to generate an intermediate ROI, which was then manually corrected to exclude non-
cartilage canal areas. For visual comparison between the methods, minimum/maximum inten-
sity projections (mIPs or MIPs) through different imaging planes were generated in Matlab
(MATLAB R2012b, The MathWorks, Natick, MA, USA) utilizing Aedes and plugins written in
house (http://aedes.uef.fi). Similar projections of the unprocessed GRE data were also gener-
ated. In addition to the GRE, SWI, and QSM datasets, “enhanced SWI”, QSM-WI datasets of
the specimens were generated by turning the quantitative susceptibility maps into positive
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masks as in standard SWI processing. That is, the susceptibility values smaller than (mean-
2*SD) of the cartilage canals were set to 1, while larger values were linearly scaled between 1
and 0 (see for example [25] and [11] on generation of phase mask or two alternative ways of
generating QSM-WI [26, 27]). The generated QSM-mask was then applied to the magnitude
image four times as in standard SWI processing. Finally, 3-D volume renderings of the masked
3-D datasets were generated in Osirix (Osirix v.5.6 64-bit, http://www.osirix-viewer.com/) [28]
to illustrate the differences in visualization by the SWI and QSM processing methods.

Results

To generate the mask for subsequent post-processing, an initial manual ROI was placed on a
single, manually chosen slice in the 3-D dataset, exemplified in the distal femur of a 3-week-old
piglet at 9.4 T (Fig 1A-1C) The ROI was extended to the entire 3-D volume by filtering and
thresholding as described in the methods, and then used as a segmentation mask in the further
processing steps (Fig 1D and 1E). After the SWI post-processing (Fig 1F-1H), the segmenta-
tion mask was applied to the data for further visualizations (Fig 1I). The quantitative suscepti-
bility map was calculated by first unwrapping the phase and removing the background fields
(Fig 1]), followed by k-space filtering to produce the susceptibility map (Fig 1K). The QSM
data were masked and the contrast was inverted for further visualizations (Fig 1L). Finally, an
enhancing mask based on susceptibility data was generated (Fig 1M) and applied four times to
the magnitude data to generate a QSM-WI dataset (Fig 1N).

The effect of the k-space filter truncation on the calculated relative susceptibility of the carti-
lage canals (with respect to the surrounding tissue) was studied in the human specimen
scanned at 9.4 T and 7.0 T and in the 3-week-old pig scanned in vivo at 7.0 T. In all cases, the
average susceptibility of the cartilage canals depended on the thresholding value, with the sus-
ceptibility increasing as the thresholding was relaxed (Fig 2A-2C). In all cases, the susceptibil-
ity values stabilized after the truncation value exceeded approximately 5-10. The spread of the
susceptibility values with increasing truncation value was evident in the histograms of the ROIs
(Fig 2D-2F). The visual appearance of the susceptibility maps was evaluated at different trun-
cation factor values; an increasing amount of streaking artifacts was observed as the truncation
was relaxed (Fig 2A-2C, small inserts). Conversely, as the truncation was heavier, the streaking
artifacts were reduced. Below the lowest absolute value of the inverted filter kernel, i.e. below
1.5, no further improvement in artifact reduction was observed and thus 1.5 was chosen as the
truncation value for further visualization.

In the plane perpendicular to By, with artifacts masked in the SWI data, there was nearly
exact correspondence among the QSM, GRE, SWI and QSM-WI mIPs of the distal femur from
the 1-month-old human cadaver (Fig 3, first pane). The GRE data showed the least definition
while QSM-WT had the highest definition of cartilage canals. In the planes parallel to By, (i.e.,
coronal and sagittal planes), clear visualization of the vasculature was obtained with QSM and
QSM-WTI post-processing using the truncated k-space filtering (Fig 3, second pane). The un-
processed GRE also depicted the vessels, although again with less definition than the other
methods, while the SWT visualizations in these planes demonstrated a significant “splitting”
artifact, most apparent for vessels running along the imaging plane, perpendicular to By (Fig 3,
second pane). (Note that the naming convention of axial, coronal, and sagittal here refers to
the axes of the scanner, which closely resemble the anatomic planes of the specimen.)

Similar to the results obtained at 9.4 T, the differences between QSM and SWI and QSM-WI
post-processing were observed at 7.0 T (Fig 4). In the axial plane, a similar appearance was
noted for the 3 mm-thick mIPs of the SWI and QSM post-processed data as well as for plain
GRE data (Fig 4, first pane). In the planes parallel to By, the splitting artifact was again noted for
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Original GRE mag + phase SWI post-processing

BT

Mask generation

Fig 1. Main pre- and post-processing steps for SWI, QSM and QSM-WI. Main pre- and post-processing
steps depicted for a single slice (in a plane parallel to By) from the distal femur of a 3-week-old pigat 9.4 T.
Original GRE magnitude (A) and phase (B). Generation of segmentation mask was initiated with a single-
slice manual ROI (C), which was extended to the entire 3-D volume automatically (D), generating a
segmentation mask for further processing (E). In SWI post-processing, high-pass filtering of the phase was
first done using homodyne filtering (F). The phase was converted to a negative phase mask (G) and the SWI
data was generated by applying the phase mask to the original magnitude data (H). Finally the segmentation
mask was also applied to the SWI data for further visualizations (I). For QSM post-processing, the phase was
first processed using Laplacian and SHARP filtering (J) and, in turn, converted to a quantitative susceptibility
map with k-space inversion (K) and masked with the segmentation and contrast-inverted to match the
appearance of SWI (L). Finally, the susceptibility map was converted into an enhancing mask (M) and finally
applied to the magnitude data to generate a QSM-WI dataset (N).

doi:10.1371/journal.pone.0132167.g001

SWI post-processing, while the QSM, GRE and QSM-WI demonstrated artifact-free visualiza-
tion (Fig 4, second pane). The sensitivity to the vessels appeared weaker in the un-processed
GRE data compared to the QSM or SWT or especially QSM-WTI data in the axial plane. Spatial
variations in the signal intensity were noted particularly for the unprocessed GRE data and, to a
lesser extent, for the SWI data (although these variations were reduced in the minimum inten-
sity projection), whereas the QSM data appeared more uniform in signal intensity. Combination
of GRE and QSM-based mask in QSM-WT again provided the clearest visualization.

The QSM, SWI and QSM-WI post-processing was done for the 3-week-old pig scanned in
vivo at 7.0 T and compared with unprocessed GRE as well. Results similar to the ex vivo cases
were obtained. Specifically, in the axial plane perpendicular to By, the datasets appeared
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Fig 2. Quantitative susceptibility values of the cartilage canals. Relative susceptibility values of the cartilage canals with respect to the surrounding
tissue in a 1-month-old human cadaveric distal femur scanned at 9.4 T (A) and at 7.0 T (B), and in a 3-week-old piglet scanned at 7.0 T in vivo (C) as a
function of the truncation factor used in the k-space dipole inversion. Inset images in A-C depict single slices from the quantitative susceptibility maps at
truncation factor values of 0.5, 5 and 20 at an intensity scale normalized with the intensity of the cartilage canals to facilitate visual comparison of the
streaking artifacts. The second row shows the susceptibility histograms acquired for the corresponding cartilage canal ROls for the respective specimens as
a function of the truncation factor (D-F).

doi:10.1371/journal.pone.0132167.9002

visually similar (Fig 5, first pane), but, in the planes parallel to By, the artifactual splitting of the
vessels was observed for the SWI data while in both of the QSM datasets and in the unpro-
cessed GRE the splitting was resolved (Fig 5, second pane). Otherwise, the QSM datasets
appeared to maintain the same, if not improved sensitivity to the cartilage canals.

Visual evaluation of the three-dimensional reconstructions of the medial femoral condyle of
the 8-week-old piglet demonstrated the importance of resolving the artifact to allow detailed
assessment of the epiphyseal vasculature (Fig 6). Indeed, the QSM post-processing (Fig 6A)
was superior to the SWI post-processing (Fig 6B) by resolving this splitting artifact. A 3-D visu-
alization of the human specimen scanned at 9.4 T is available as a video clip (S1 Video) in the
online supporting material, further illustrating the difference between SWI and QSM post-pro-
cessing methods.

Discussion

Using the QSM post-processing approach for SWI data substantially improved visualization of
the cartilage canals in the distal femoral epiphyseal cartilage in cadaveric human and porcine
specimens compared to previous results obtained by SWI post-processing [12, 19]. The discrete
dipolar “vessel splitting” artifact, characteristic of the SWI data, was mitigated by the use of
QSM post-processing. The combination of GRE and QSM data, i.e. QSM weighted imaging
[26, 27], provided the clearest visualization of the cartilage canals in all datasets. While the
post-processing method (QSM) itself has been investigated in numerous studies for other tissue
types and applications, its use for this particular purpose has not previously been reported and
represents a significant advancement in the imaging of cartilage canals. The results using this
method are at least as good, if not better, than results obtained by techniques that are limited to
ex vivo application (perfused-pCT imaging and perfused microscopy-visualization) and which
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Axial Coronal Sagittal

SWI GRE QSM

QSM-WI

Fig 3. Comparison of QSM, plain GRE, SWI and QSM-WI at 9.4 T. Comparison of QSM, SWI and QSM-WI
post-processing as well as unprocessed GRE for the visualization of cartilage canals in a 1-month-old human
cadaveric distal femur in 3 mm-thick minimum intensity projections in the main imaging planes with respect to
the scanner geometry at 9.4 T (TE = 15.05 ms and bandwidth = 37 Hz/pixel). The first pane shows the axial
view, perpendicular to By: both truncated k-space QSM (QSM) and QSM-weighted imaging (QSM-WI) results
appeared nearly identical to the SWI result. The plain GRE appeared similar, but lacked some of the detail.
The second pane shows coronal and sagittal views, parallel to the By, field. Both QSM visualizations
demonstrate the vasculature without artifacts whereas, in the SWI data, the splitting of the vessels along the
By direction is noted. The plain GRE appeared similar to QSM and also did not show artifacts, but clearly
lacked the definition seen with QSM. White arrows point to several matching vessels to aid comparison. The
QSM contrast (first row) was inverted to match the contrast of the SWI data.

doi:10.1371/journal.pone.0132167.g003

are only applicable to animal studies. Importantly, the non-invasive 3-D visualization of the tis-
sue-inherent contrast potentially allows this technique to be applied in vivo.

Processing of the data using SW1 resulted in the artificial doubling or splitting of the carti-
lage canals [12]. This artifact arises from the dipolar accumulation of the phase around a sus-
ceptibility inclusion [9, 13] combined with the direct application of a phase mask further
enhancing these features [1, 11] in the original SWT post-processing protocol. Depending on
whether a negative or positive phase mask is used, the artifact appears as splitting along the By-
direction or as a ring-like “edge-effect” in the plane perpendicular to By. The spatial size of the
splitting appears to scale with the scanning resolution and is expected to change with the field
strength as well. The appearance further depends on the susceptibility of the inclusion, i.e. the
sign of the dipolar phase pattern [9]. In the present case, a negative phase accumulation was
evident on the dipole lobes along By, indicating positive susceptibility (paramagnetic species).
This agrees with the assumption that the signal source (source of the susceptibility difference)
is the deoxygenated blood, or remnants of blood in the cartilage canals [11]. Alternatively the
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Axial Coronal Sagittal
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Fig 4. Comparison of QSM, plain GRE, SWIand QSM-WI at 7.0 T ex vivo. Comparison of QSM post-
processed, plain GRE, SWI and QSM-WI datasets from a 1-month-old human specimen scanned at7.0 T
(TE =29.06 ms and bandwidth = 60 Hz/pixel) in 3 mm-thick mIPs with QSM contrast inverted to match SWI
and GRE. The first pane shows the axial plane, perpendicular to B,. All four techniques demonstrated closely
similar results. In the planes parallel to B, (second pane), GRE and QSM demonstrated a closely similar
visual appearance; however, the splitting artifact along By was evident in the SWI post-processed data.
QSM-WI demonstrated both corrected artifacts and improved visualization of the cartilage canals.

doi:10.1371/journal.pone.0132167.g004

cartilage canal itself (separate from the blood within the vessels) may have a magnetic suscepti-
bility value different from the surrounding tissue, enhancing the effect. The susceptibility val-
ues of the cartilage canals are not necessarily expected to agree with what is reported for veins,
since the cartilage canals contain both veins and arteries. The relative susceptibility of the
canals with increasing truncation factor for the k-space filtering kernel approached a range of
approximately +0.05 to +0.07 ppm with respect to the surrounding tissue. While these values
are approximately comparable to those reported for small veins in brain (0.095 + 0.006 ppm)
[10], susceptibility values for cartilage canals have not been reported previously and further
investigations are underway.

The QSM processing of the data eliminated the incorrect localization of the susceptibility
source and the artifactual splitting of the vessels along the By direction [12]. The QSM process-
ing in the present study was optimized for visualization purposes: the SHARP truncation factor
was set to 0.25 for the ex vivo human sample at 9.4 T and to 0.5 for all the other cases, values
markedly larger than the value of 0.05 used in previous reports [14, 15]. The k-space filtering
truncation was set to the minimum absolute value of the filter, 1.5 (i.e. heavy regularization)
[13]. Both of these resulted in reduction of the streaking artifacts at the cost of correctness of
the susceptibility values (see also Fig 2). Further reduction of the truncation value below the
smallest absolute values of the kernel did not improve the relative intensity of the streaking
artifacts. An alternative approach for reducing the artifacts could have been setting the
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Axial Coronal Sagittal

SWI GRE QSM

QSM-WI

Fig 5. Comparison of QSM, plain GRE, SWIand QSM-WI at 7.0 T in vivo. Comparison of QSM, GRE, SWI
and QSM-WI of a 3-week-old piglet scanned at 7.0 T in vivo. In the first pane, showing an axial plane
perpendicular to B0, the datasets appeared visually similar. In the second pane, with views parallel to BO,
artifactual splitting of the vessels was observed for the SWI data while both QSM datasets and the
unprocessed GRE appeared artifact-free.

doi:10.1371/journal.pone.0132167.g005

truncated values to zero [17]. For quantitative susceptibility analysis, a different choice of the
kernel truncation, such as the value at the elbow of the curves in Fig 2, could be more appropri-
ate, or a correction scheme as presented by Schweser et al could be utilized [29]; however,
improvement of the signal localization over SWI processing was sought and achieved. This
interdependence between the artifacts and accuracy of the quantitative susceptibility values
represents a major drawback of QSM. For the 3-D evaluation of the vasculature, splitting along
one dimension hampers visual assessment of the integrity and connectivity of the vasculature
(see also the video clip (S1 Video) showing rotation of the 3-D reconstruction in the online
supplemental material). An additional benefit of the QSM data is that it is quantitative and pro-
vides numerical values for the susceptibility differences between the tissues. In the present case,
the cartilage canals had a higher susceptibility compared to the surrounding tissue (i.e. the
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Fig 6. Three-dimensional reconstructions of cartilage canals using SWI and QSM. 3-D reconstructions of the cartilage canals in the medial femoral
condyle of an 8-week-old pig scanned at 9.4 T. The QSM processing (A) allowed visualization of the cartilage canals without artifacts. In the SWI post-
processed data (B), the splitting artifact was seen. The red arrows point to a matching vessel identified in the two datasets.

doi:10.1371/journal.pone.0132167.9g006

canals appear paramagnetic). A potential future quantitative application could be assessing the
oxygenation of the tissue and the vessels [30].

For the purpose of visualization of the vasculature, the QSM approach could be simplified.
Specifically, the source phase data for the truncated k-space QSM filtering could be produced
using homodyne filtering [13, 24] instead of using the more complicated Laplacian unwrap-
ping and SHARP filtering [14]. Conversely, the unwrapped phase data obtained via the more
complicated approach could be used for SWI post-processing. In terms of computational cost,
the QSM post-processing using the approach of Laplacian unwrapping followed by SHARP fil-
tering and truncated k-space filtering took approximately 43 s on a standard laptop using a
quad-core CPU, whereas using homodyne filtering and the same truncated k-space filtering
took approximately 16 s on the same computer, using the same dataset (a matrix size of 384
cubed).

Clear visualization of randomly oriented cartilage canals [31], some of which are less than
100 um in diameter [12, 21], requires high or ultra-high resolution MRI. This may partially
limit the application at lower field strengths, such as 1.5 T, as the SNR drop will influence the
achievable resolution and image quality. While the cartilage canals were visualized at both 7.0
T and 9.4 T, the lower quality at 7.0 T is largely due to the suboptimal (too large) coil that was
available at 7.0 T [12]. Even with these limitations, the results obtained at 7.0 T confirmed the
observation that the QSM post-processing approach eliminated the visualization artifacts and
provided improvement over SWI. The SWI data demonstrated similar clear contrast between
the cartilage canals and the surrounding tissue only when data were acquired in the axial plane,
which hides the dipolar splitting artifact. Similar to the QSM data, the canals were also visual-
ized without notable artifacts in the plain, unprocessed (excluding the minimum intensity pro-
jection) GRE data. This suggested that a combination of GRE and QSM could further improve
visualization of the cartilage canals. “Enhanced SWI”, QSM-WI, was generated for the investi-
gated cases by using the susceptibility map as an enhancing mask, in a similar manner as the
phase mask is used in SWI (last row in Figs 3-5). Here, QSM-WI was applied to test whether
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visualization improvement was achievable; more detailed approaches for similar processing are
provided in earlier publications, which referred to the method as susceptibility map weighted
imaging (SMWTI) [26] or as true susceptibility weighted imaging (tSWT) [27]. The QSM-WI
data appeared to be qualitatively superior to the QSM-only visualization and might represent
the ideal processing pathway for visualization of cartilage canals.

At ultra-high magnetic fields, the wavelength of resonant radio waves is not long relative to
body dimensions; this results in B; " inhomogeneity and thus variations in signal intensity in the
targeted tissue. At 7.0 T, B;" shimming was available and was used, generally improving the spa-
tial homogeneity of the signal within the targeted tissue. At 9.4 T, the quadrature coil used did
not allow this option. However, very good overall homogeneity of the signal was observed in the
9.4 T scans. Although the specimen that was scanned at 7.0 T was small (the largest width of the
distal femur was approximately 3 cm), spatial variation of the signal due to variations in B, was
noted. This spatial variation was reflected in both the SWI processed and the plain GRE data,
and can be appreciated in Fig 4 and Fig 5. In the QSM data, derived from the background-
-corrected phase, spatial variation in the intensity level was not evident. To achieve similar
homogeneity in the SWI or GRE data, separate spatial intensity correction could be utilized. For
the 3-D visualization of the cartilage canals by volume rendering, spatial homogeneity of the tis-
sue matrix is essential. Although some spatial variation of the signal and generally lower resolu-
tion was noted at 7.0 T as compared to the acquisitions at 9.4 T, the benefits of QSM are also
demonstrated at this lower field strength, which is closer to that used clinically.

The processing pathways chosen in the present study are examples of the multiple possible
combinations of procedures employed for QSM (or SWI). The segmentation mask and its
quality substantially affected the final visualization, especially the 3-D reconstruction: low-sig-
nal regions included in the segmentation mask could cause streaking artifacts that generate
noise and fluctuations in the final QSM images. Thus, one key element in the QSM processing
and visualization is the segmentation of the desired region of interest. Due to multiple tissue
components exhibiting the same or similar signal levels, simple thresholding generally does not
perform well, necessitating laborious manual segmentation. Several segmentation methods,
including manual segmentation, were used in the present study. Furthermore, both methods
presented here (SWI and QSM) benefit from higher field strengths. In addition to the subopti-
mal coil, the difference in the field strength contributes to the somewhat poorer SNR and con-
trast of the vessels at 7.0 T compared with the results obtained at 9.4 T. As noted in the earlier
report utilizing only SWI, visualization of the cartilage canals was possible at 3.0 T, albeit at
lower SNR [12]. Thus a challenge for clinical application, in addition to segmentation, is the
achievable SNR. Therefore, a dedicated pediatric knee or extremity coil is strongly recom-
mended. The QSM post-processing, due to its ill-posed inverse nature, tends to propagate and
amplify k-space noise to the derived images; thus, the applicability of the method needs to be
demonstrated at clinically relevant field strength to prove its utility for routine clinical applica-
tions. The [current] limitations of QSM processing include the requirement of transferring
data for off-line processing, as there currently are no scanner-implemented solutions available.
Even with off-line processing, interpretation of the vascular findings relies on subjective visual
evaluation. The present results pave the way for implementing an automated and quantitative
analysis of the vasculature, which would markedly improve the ability to interpret the results.
Another possible limitation of the study is that the specimens underwent a freeze-thaw cycle
before scanning; however, the cartilage canals were clearly visualized and in the previous study
including histology, no effects of freezing on the integrity or structure of cartilage canals was
noted [12, 19]. Finally, since cartilage canals are no longer present after the age of approxi-
mately 10 years in human beings, appropriate MR imaging protocols for children will need to
be developed.
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The initial SWI studies were the first studies to demonstrate the potential utility of MR
imaging of cartilage canals, including its in vivo application [12, 19, 32]. The present work
improves the method further by demonstrating resolution of the “splitting artifact” observed in
SWI. Potential future applications include in vivo imaging of cartilage canals in animal models
of human disease as well as in vivo imaging in humans. Further work is needed to utilize the
method for noninvasive assessment of blood oxygenation levels of epiphyseal cartilage canal
vessels in vivo, which would not only be useful for the assessment of normal epiphyseal devel-
opment but also its alterations in diseases such as osteochondrosis and Legg Calve Perthes dis-
ease, which have not been studied in vivo mainly due to a previous lack of noninvasive
investigational tools [19].

Conclusions

In the present work, improvement of the ex vivo and in vivo visualization of epiphyseal carti-
lage canals was demonstrated with QSM compared to the previously reported SWI method.
The main limitation of SWI post-processing is the artifactual splitting of small susceptibility
inclusions, such as the cartilage canals, along the B, direction due to the dipolar phase accumu-
lation. The QSM post-processing not only reveals the underlying susceptibility distribution,
but also resolves its spatial localization and thus enables precise visualization. GRE imaging
optimized for SWI, but utilizing QSM post-processing provides highly accurate, reproducible
3-D visualizations of the vascular network in epiphyseal cartilage and will likely open new ave-
nues to investigate the etiology of diseases associated with abnormalities of skeletal maturation,
many of which appear to be related to defects in vascular supply to epiphyseal cartilage.

Supporting Information

S$1 Video. Comparison between 3-D reconstructions with SWI and QSM post-processing.
A video clip demonstrating the difference between the 3-D reconstructions of the cartilage
canals of the distal femur of a 1-month-old human cadaver as produced by SWI and by the
truncated k-space filtering QSM approach.

(MP4)

Acknowledgments

Donation of human cadaver specimen by Todd Huft, Allosource, Centennial, CO, USA is
gratefully acknowledged.

Author Contributions

Conceived and designed the experiments: MJN JME. Performed the experiments: MJN. Ana-
lyzed the data: MJN. Contributed reagents/materials/analysis tools: MJN CSC FT. Wrote the
paper: MJN FT LW CSC JME. Interpretation of data: MJN FT LW CSC JME.

References

1. Reichenbach JR, Venkatesan R, Schillinger DJ, Kido DK, Haacke EM. Small vessels in the human
brain: MR venography with deoxyhemoglobin as an intrinsic contrast agent. Radiology. 1997; 204
(1):272-7. Epub 1997/07/01. PMID: 9205259.

2. Haacke EM, Xu Y, Cheng YC, Reichenbach JR. Susceptibility weighted imaging (SWI). Magn Reson
Med. 2004; 52(3):612—8. Epub 2004/08/31. doi: 10.1002/mrm.20198 PMID: 15334582.

3. DuynJH, van Gelderen P, Li TQ, de Zwart JA, Koretsky AP, Fukunaga M. High-field MRI of brain corti-
cal substructure based on signal phase. Proc Natl Acad Sci U S A. 2007; 104(28):11796-801. Epub

PLOS ONE | DOI:10.1371/journal.pone.0132167 July 13,2015 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132167.s001
http://www.ncbi.nlm.nih.gov/pubmed/9205259
http://dx.doi.org/10.1002/mrm.20198
http://www.ncbi.nlm.nih.gov/pubmed/15334582

@’PLOS ‘ ONE

Improved Visualization of Cartilage Canals Using QSM

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

2007/06/26. doi: 10.1073/pnas.0610821104 PMID: 17586684; PubMed Central PMCID:
PMC1913877.

Abosch A, Yacoub E, Ugurbil K, Harel N. An assessment of current brain targets for deep brain stimula-
tion surgery with susceptibility-weighted imaging at 7 Tesla. Neurosurgery. 2010; 67(6):1745-56. Epub
2010/11/26. doi: 10.1227/NEU.0b013e3181f74105 PMID: 21107206; PubMed Central PMCID:
PMC3124849.

Abduljalil AM, Schmalbrock P, Novak V, Chakeres DW. Enhanced gray and white matter contrast of
phase susceptibility-weighted images in ultra-high-field magnetic resonance imaging. J Magn Reson
Imaging. 2003; 18(3):284-90. Epub 2003/08/26. doi: 10.1002/jmri.10362 PMID: 12938122.

Barnes SR, Haacke EM. Susceptibility-weighted imaging: clinical angiographic applications. Magnetic
resonance imaging clinics of North America. 2009; 17(1):47—-61. Epub 2009/04/15. doi: 10.1016/j.mric.
2008.12.002 PMID: 19364599; PubMed Central PMCID: PMC2713115.

Wang M, Dai Y, Han Y, Haacke EM, Dai J, Shi D. Susceptibility weighted imaging in detecting hemor-
rhage in acute cervical spinal cord injury. Magn Reson Imaging. 2011; 29(3):365-73. Epub 2011/01/15.
doi: 10.1016/j.mri.2010.10.016 PMID: 21232894.

Yao B, Li TQ, van Gelderen P, Shmueli K, de Zwart JA, Duyn JH. Susceptibility contrast in high field
MRI of human brain as a function of tissue iron content. Neurolmage. 2009; 44(4):1259-66. Epub
2008/11/26. doi: 10.1016/j.neuroimage.2008.10.029 PMID: 19027861; PubMed Central PMCID:
PMC2670442.

Lehto LJ, Sierra A, Corum CA, Zhang J, ldiyatullin D, Pitkanen A, et al. Detection of calcifications in vivo
and ex vivo after brain injury in rat using SWIFT. Neurolmage. 2012; 61(4):761-72. Epub 2012/03/20.
doi: 10.1016/j.neuroimage.2012.03.002 PMID: 22425671; PubMed Central PMCID: PMC3376208.

Haacke EM, Tang J, Neelavalli J, Cheng YC. Susceptibility mapping as a means to visualize veins and
quantify oxygen saturation. J Magn Reson Imaging. 2010; 32(3):663—76. Epub 2010/09/04. doi: 10.
1002/jmri.22276 PMID: 20815065; PubMed Central PMCID: PMC2933933.

Haacke EM, Mittal S, Wu Z, Neelavalli J, Cheng YC. Susceptibility-weighted imaging: technical aspects
and clinical applications, part 1. AOINR Am J Neuroradiol. 2009; 30(1):19-30. Epub 2008/11/29. doi: 10.
3174/ajnr.A1400 PMID: 19039041.

Nissi MJ, Toth F, Zhang J, Schmitter S, Benson M, Carlson CS, et al. Susceptibility weighted imaging of
cartilage canals in porcine epiphyseal growth cartilage ex vivo and in vivo. Magn Reson Med. 2014; 71
(6):2197-205. Epub 2013/07/17. doi: 10.1002/mrm.24863 PMID: 23857631; PubMed Central PMCID:
PMC4039078.

Shmueli K, de Zwart JA, van Gelderen P, Li TQ, Dodd SJ, Duyn JH. Magnetic susceptibility mapping of
brain tissue in vivo using MRI phase data. Magn Reson Med. 2009; 62(6):1510-22. Epub 2009/10/28.
doi: 10.1002/mrm.22135 PMID: 19859937.

Schweser F, Deistung A, Lehr BW, Reichenbach JR. Quantitative imaging of intrinsic magnetic tissue
properties using MRI signal phase: an approach to in vivo brain iron metabolism? Neurolmage. 2011;
54(4):2789-807. doi: 10.1016/j.neuroimage.2010.10.070 PMID: 21040794.

Bilgic B, Fan AP, Polimeni JR, Cauley SF, Bianciardi M, Adalsteinsson E, et al. Fast quantitative sus-
ceptibility mapping with L1-regularization and automatic parameter selection. Magn Reson Med. 2014;
72(5):1444-59. doi: 10.1002/mrm.25029 PMID: 24259479; PubMed Central PMCID: PMC4111791.

Wharton S, Bowtell R. Whole-brain susceptibility mapping at high field: a comparison of multiple- and
single-orientation methods. Neurolmage. 2010; 53(2):515-25. Epub 2010/07/10. doi: 10.1016/j.
neuroimage.2010.06.070 PMID: 20615474.

Wharton S, Schafer A, Bowtell R. Susceptibility mapping in the human brain using threshold-based k-
space division. Magn Reson Med. 2010; 63(5):1292—-304. Epub 2010/05/01. doi: 10.1002/mrm.22334
PMID: 20432300.

Nissi MJ, Toth F, Zhang J, Schmitter S, Benson M, Hammer B, et al., editors. Susceptibility weighted
imaging of cartilage canals of the distal femur ex vivo and in vivo. Proc Intl Soc Mag Reson Med; 2013;
Salt Lake City, UT, USA.

Toth F, Nissi MJ, Zhang J, Benson M, Schmitter S, Ellermann JM, et al. Histological confirmation and
biological significance of cartilage canals demonstrated using high field MRI in swine at predilection
sites of osteochondrosis. J Orthop Res. 2013; 31(12):2006—12. doi: 10.1002/jor.22449 PMID:
23939946; PubMed Central PMCID: PMC4034470.

Haines RW. Cartilage Canals. J Anat. 1933; 68(Pt 1):45—64. PMID: 17104463; PubMed Central
PMCID: PMC1249233.

Jaramillo D, Villegas-Medina OL, Doty DK, Rivas R, Strife K, Dwek JR, et al. Age-related vascular
changes in the epiphysis, physis, and metaphysis: normal findings on gadolinium-enhanced MRI of pig-
lets. AJR Am J Roentgenol. 2004; 182(2):353-60. Epub 2004/01/23. PMID: 14736661.

PLOS ONE | DOI:10.1371/journal.pone.0132167 July 13,2015 14/15


http://dx.doi.org/10.1073/pnas.0610821104
http://www.ncbi.nlm.nih.gov/pubmed/17586684
http://dx.doi.org/10.1227/NEU.0b013e3181f74105
http://www.ncbi.nlm.nih.gov/pubmed/21107206
http://dx.doi.org/10.1002/jmri.10362
http://www.ncbi.nlm.nih.gov/pubmed/12938122
http://dx.doi.org/10.1016/j.mric.2008.12.002
http://dx.doi.org/10.1016/j.mric.2008.12.002
http://www.ncbi.nlm.nih.gov/pubmed/19364599
http://dx.doi.org/10.1016/j.mri.2010.10.016
http://www.ncbi.nlm.nih.gov/pubmed/21232894
http://dx.doi.org/10.1016/j.neuroimage.2008.10.029
http://www.ncbi.nlm.nih.gov/pubmed/19027861
http://dx.doi.org/10.1016/j.neuroimage.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22425671
http://dx.doi.org/10.1002/jmri.22276
http://dx.doi.org/10.1002/jmri.22276
http://www.ncbi.nlm.nih.gov/pubmed/20815065
http://dx.doi.org/10.3174/ajnr.A1400
http://dx.doi.org/10.3174/ajnr.A1400
http://www.ncbi.nlm.nih.gov/pubmed/19039041
http://dx.doi.org/10.1002/mrm.24863
http://www.ncbi.nlm.nih.gov/pubmed/23857631
http://dx.doi.org/10.1002/mrm.22135
http://www.ncbi.nlm.nih.gov/pubmed/19859937
http://dx.doi.org/10.1016/j.neuroimage.2010.10.070
http://www.ncbi.nlm.nih.gov/pubmed/21040794
http://dx.doi.org/10.1002/mrm.25029
http://www.ncbi.nlm.nih.gov/pubmed/24259479
http://dx.doi.org/10.1016/j.neuroimage.2010.06.070
http://dx.doi.org/10.1016/j.neuroimage.2010.06.070
http://www.ncbi.nlm.nih.gov/pubmed/20615474
http://dx.doi.org/10.1002/mrm.22334
http://www.ncbi.nlm.nih.gov/pubmed/20432300
http://dx.doi.org/10.1002/jor.22449
http://www.ncbi.nlm.nih.gov/pubmed/23939946
http://www.ncbi.nlm.nih.gov/pubmed/17104463
http://www.ncbi.nlm.nih.gov/pubmed/14736661

@’PLOS ‘ ONE

Improved Visualization of Cartilage Canals Using QSM

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Metzger GJ, Auerbach EJ, Akgun C, Simonson J, Bi X, Ugurbil K, et al. Dynamically applied B1+ shim-
ming solutions for non-contrast enhanced renal angiography at 7.0 Tesla. Magn Reson Med. 2013; 69
(1):114-26. Epub 2012/03/24. doi: 10.1002/mrm.24237 PMID: 22442056; PubMed Central PMCID:
PMC3387512.

Van de Moortele PF, Akgun C, Adriany G, Moeller S, Ritter J, Collins CM, et al. B(1) destructive interfer-
ences and spatial phase patterns at 7 T with a head transceiver array coil. Magn Reson Med. 2005; 54
(6):1503-18. Epub 2005/11/05. doi: 10.1002/mrm.20708 PMID: 16270333.

Wang Y, YuY, Li D, Bae KT, Brown JJ, Lin W, et al. Artery and vein separation using susceptibility-
dependent phase in contrast-enhanced MRA. J Magn Reson Imaging. 2000; 12(5):661-70. Epub
2000/10/26. PMID: 11050635.

Reichenbach JR, Barth M, Haacke EM, Klarhofer M, Kaiser WA, Moser E. High-resolution MR venogra-
phy at 3.0 Tesla. J Comput Assist Tomogr. 2000; 24(6):949-57. Epub 2000/12/06. PMID: 11105717.

Gho SM, Liu C, LiW, Jang U, Kim EY, Hwang D, et al. Susceptibility map-weighted imaging (SMWI) for
neuroimaging. Magn Reson Med. 2014; 72(2):337—46. doi: 10.1002/mrm.24920 PMID: 24006248.

Liu S, Mok K, Neelavalli J, Cheng YC, Tang J, Ye Y, et al. Improved MR venography using quantitative
susceptibility-weighted imaging. J Magn Reson Imaging. 2014; 40(3):698-708. doi: 10.1002/jmri.
24413 PMID: 24923249; PubMed Central PMCID: PMC4059787.

Rosset A, Spadola L, Ratib O. OsiriX: an open-source software for navigating in multidimensional
DICOM images. Journal of digital imaging: the official journal of the Society for Computer Applications
in Radiology. 2004; 17(3):205—16. Epub 2004/11/10. doi: 10.1007/s10278-004-1014-6 PMID:
15534753; PubMed Central PMCID: PMC3046608.

Schweser F, Deistung A, Sommer K, Reichenbach JR. Toward online reconstruction of quantitative
susceptibility maps: superfast dipole inversion. Magn Reson Med. 2013; 69(6):1582—94. doi: 10.1002/
mrm.24405 PMID: 22791625.

Fan AP, Bilgic B, Gagnon L, Witzel T, Bhat H, Rosen BR, et al. Quantitative oxygenation venography
from MRI phase. Magn Reson Med. 2014; 72(1):149-59. doi: 10.1002/mrm.24918 PMID: 24006229;
PubMed Central PMCID: PMC4234149.

Ytrehus B, Carlson CS, Ekman S. Etiology and pathogenesis of osteochondrosis. Veterinary pathology.
2007; 44(4):429-48. Epub 2007/07/04. doi: 10.1354/vp.44-4-429 PMID: 17606505.

Nissi MJ, Toth F, Zhang J, Garwood M, Carlson CS, Ellermann J, editors. MRl visualization of the carti-
lage canal vessels in porcine epiphyseal growth cartilage. Transact Orthop Res Soc; 2013; San Anto-
nio, TX, USA.

PLOS ONE | DOI:10.1371/journal.pone.0132167 July 13,2015 15/15


http://dx.doi.org/10.1002/mrm.24237
http://www.ncbi.nlm.nih.gov/pubmed/22442056
http://dx.doi.org/10.1002/mrm.20708
http://www.ncbi.nlm.nih.gov/pubmed/16270333
http://www.ncbi.nlm.nih.gov/pubmed/11050635
http://www.ncbi.nlm.nih.gov/pubmed/11105717
http://dx.doi.org/10.1002/mrm.24920
http://www.ncbi.nlm.nih.gov/pubmed/24006248
http://dx.doi.org/10.1002/jmri.24413
http://dx.doi.org/10.1002/jmri.24413
http://www.ncbi.nlm.nih.gov/pubmed/24923249
http://dx.doi.org/10.1007/s10278-004-1014-6
http://www.ncbi.nlm.nih.gov/pubmed/15534753
http://dx.doi.org/10.1002/mrm.24405
http://dx.doi.org/10.1002/mrm.24405
http://www.ncbi.nlm.nih.gov/pubmed/22791625
http://dx.doi.org/10.1002/mrm.24918
http://www.ncbi.nlm.nih.gov/pubmed/24006229
http://dx.doi.org/10.1354/vp.44-4-429
http://www.ncbi.nlm.nih.gov/pubmed/17606505

