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Abstract
Cell tracking using perfluorocarbon (PFC) labels and fluorine-19 (19F) MRI is a noninvasive
approach to visualize and quantify cell populations in vivo. In this study, we investigated three-
dimensional (3D) compressed sensing (CS) methods to accelerate 19F MRI data acquisition for
cell tracking and evaluate the impact of acceleration on 19F signal quantification. We show that a
greater than eight-fold reduction in imaging time was feasible without pronounced image
degradation and with minimal impact on the image signal-to-noise ratio (SNR) and 19F
quantification accuracy. In 19F phantom studies, we show that apparent feature topology is
maintained with CS reconstruction, and false positive signals do not appear in areas devoid of
fluorine. We apply the 3D CS 19F MRI methods to quantify the macrophage burden in a localized
wounding-inflammation mouse model in vivo; at eight-fold image acceleration the 19F signal
distribution was accurately reproduced, with no loss in SNR. Our results demonstrate that 3D CS
methods have potential for advancing in vivo 19F cell tracking for a wide range of preclinical and
translational applications.
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Introduction
In vivo MRI cell tracking is emerging as a useful tool for visualizing cell distributions and
dynamics in their native environment (1,2). MRI cell tracking is used preclinically for
visualizing cellular inflammatory processes and monitoring the delivery and persistence of
cell therapies for scientific and regulatory purposes. Moreover, there is momentum towards
clinical translation of MRI cell tracking (3,4). To enable MRI cell tracking, intracellular cell
labels or contrast agents are commonly employed (5,6). Cell labeling of monocytes/
macrophages can be achieved in situ following systemic administration of particulate
contrast agents to the subject (7–10). Alternatively, labeling of a particular cell type can be
achieved by ex vivo co-incubation of selected cells with a labeling agent, followed by cell
administration to the subject (5,10–13). Numerous studies have reported MRI detection of
labeled cells using superparamagnetic agents with high sensitivity (5,13). However,
challenges exists interpreting the 1H contrast imposed by these agents against intrinsic tissue
contrast, and cell quantification in vivo is difficult (14).
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The use of perfluorocarbon (PFC) emulsion cellular imaging agents, in conjunction with 19F
MRI detection, is an emerging approach for cell tracking (15). This approach has the
advantage of high cell detection specificity with no background signal. PFC agents have
been used for in situ tagging of inflammatory macrophages (7–10), and ex vivo cell labeling
of dendritic cells (16,17), T-cells (12,18) and stem cells (19,20). PFC has also been
incorporated into targeted imaging agents (21). The 19F nucleus is spin-1/2 and has a
gyromagnetic ratio that differs from 1H by only 6% (6,15). PFC molecules, typically
formulated as emulsions, are chemically stable in vivo, and have minimal effects on cell
function and proliferation. Different PFC molecules have different 19F chemical shifts,
thereby enabling simultaneous labeling and tracking of multiple cell types (20). Moreover,
signal quantification is straightforward in spin density-weighted images enabling ‘in vivo
cytometry’ (12) and inflammation quantification (10).

In cell tracking applications, the 19F images are often in the low signal-to-noise ratio (SNR)
regime (e.g., SNR<10) due to probe sparsity. In certain applications, significant signal
averaging and long data acquisition times are employed to boost SNR, and this may limit the
usefulness of 19F cell tracking in certain applications.

Recently, compressed sensing (CS) has been adapted from information theory as a
generalizable tool to significantly reduce MRI acquisition time (22). The detailed theory of
CS is described elsewhere (22–24). By exploiting the sparsity of objects to be imaged in a
transformed domain, a small subset of conventional k-space measurements can be made to
reconstruct the objects non-linearly. The artifacts caused by pseudo-randomized
undersampling appear as incoherent noise. CS methods are particularly well-suited for 19F
cell tracking studies as the image data often display isolated, punctate signal distributions
against a pure noise background in the image field of view, and thus the condition of image
sparsity is rigorously obeyed. Previously, CS has been used for a variety of MRI
applications including dynamic imaging (25), T1/T2 mapping (26), angiography (27), and
chemical shift imaging (28). Studies of 19F MRI utilizing CS has been reported in the
context of chemical shift imaging and catheter tracking(29,30).

With an eye towards cell tracking applications, we investigated 3D CS methods for
accelerated 19F MRI. The effect of CS acceleration factor (AF), i.e., the degree of k-space
undersampling, on 19F signal quantification was evaluated by comparing the spin-density
weighted signal intensity of CS-reconstructed images to conventional fast imaging methods.
To further evaluate the 3D CS method, in vivo 19F imaging of inflammation in a skin-wound
mouse model was performed. After in situ labeling of macrophages by intravenous injection
of PFC emulsion, the 19F signal in macrophages was reconstructed and quantified. Overall,
our results demonstrate that a significant improvement in the image signal-to-noise ratio
(SNR) per image acquisition time (t) is feasible. Three-dimensional CS methods have
potential for advancing in vivo 19F MRI cell tracking, particularly for future clinical
applications where short imaging times are essential for practical implementation.

Materials and methods
19F phantom

A 19F phantom was prepared by filling eight borosilicate glass micro-pipet capillaries of
different diameters with neat PFC oil (perfluoro-15-crown-5-ether, Exfluor, Inc., Round
Rock, TX). The capillaries were sealed at both ends, arranged parallel around a 2 cm
diameter, and embedded in a 50 ml conical tube containing 2% agarose in H2O. Capillary
inner diameters (D) were 1.83, 1.38, 1.13, 0.92, 0.70, 0.58, 0.43, and 0.29 mm. The fluorine
signal in an axial image through the capillaries is proportional to the cross sectional area of
each tube, thus the integrated 19F signal in these capillaries is proportional to π(D/2)2.
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Simulated CS studies on 19F phantom
Fluorine-19 phantom images were acquired with a 7 T Bruker Avance AV3 horizontal-bore
system (Bruker Biospin, Billerica, MA) using a 3D fast low-angle single-shot (FLASH)
sequence. A volume resonator was used that could be tuned-matched to either 19F or 1H.
Imaging parameters were: TE/TR=7/190 ms, flip angle=60°, number of averages (NA) =8,
field of view (FOV) =4×4 cm2, matrix size=128×128, and slice thicknesses of 1 and 0.5 mm
where acquired.

To simulate CS acquisitions, raw k-space FLASH data were undersampled offline in the two
phase encoding directions using the SparseMRI software package (22) in MATLAB
(MathWorks, Inc., Natick, MA). Data with AF equal to 2, 4, 8, 16, and 32 were generated
using offline sampling patterns with a polynomial power (p) that increased monotonically
with AF (p=5 for AF=2 to p=10 for AF=32). Representative CS sampling patterns are
shown in Fig. 1. The generated sampling pattern was pseudo-random, with variable density
to avoid the spatially coherent artifacts that occur with uniform undersampling (22). The
patterns emphasize the center of k-space, while also sampling the outer edges of k-space.

3D CS MRI of 19F phantom
Phantom images were also acquired using CS k-space sampling. 3D CS rapid acquisition
with relaxation enhancement (RARE) images were acquired using a 11.7 T Bruker Avance
AV2 vertical bore scanner with a volume resonator that could be tuned-matched to
either 19F or 1H. For CS acquisitions, an in-house RARE pulse sequence was developed
incorporating a predetermined phase encoding gradient table yielding a pseudo-random,
non-uniform sampling pattern that emphasized the k-space center (22). Image parameters
were: TE/TR=11/100 ms, RARE factor=8, NA=16, FOV=4×4×4 cm3, and matrix
size=128×128×128. A variable, passive RF attenuator (Model 839, Kay Elemetrics, Inc.,
Lincoln Park, NJ) was added in-line at the scanner preamplifier input to systematically
achieve three different 19F SNR levels (SNR=8, 14, and 58). At each SNR level, the AF
values were 2, 4, 8, 16, and 32, and the other imaging parameters remained constant.

In vivo studies
For in vivo studies, a localized wounding-inflammation mouse model was used. Animal
protocols were approved by the Institutional Animal Care and Use Committee of Carnegie
Mellon University. A female C57BL/6J mouse (n=1) was anesthetized with ketamine/
xylazine cocktail via intraperitoneal injection. An incision of approximately 1.5 cm in length
was made in the skin, proximal to the right jugular vein, and then sutured closed. After 24
hours, 0.2 ml of a PFC emulsion (VS-1000H, Celsense, Inc., Pittsburgh, PA) was delivered
intravenously via tail vein. This PFC reagent is taken up by macrophages in vivo (8,9), and
labeled macrophages accumulate at sites of inflammation resulting in a 19F signal.

After 48 hours, the animal was scanned using 19F 3D CS RARE at 11.7 T (Bruker). Imaging
parameters were: TE/TR=11/1000 ms, RARE factor=8, NA=8 or 1, FOV=3.2×3.2×3.2 cm3,
and matrix size=64×64×64. Fully sampled and AF=8 data were collected, with the
remaining imaging parameters unaltered. The sampling patterns were identical to those in
the phantom studies. The total 19F imaging times of the fully sampled and 8-fold
undersampled data were 68.3 and 8.5 minutes, respectively. Additionally, 1H images was
acquired as an anatomical underlay using a respiratory-gated, spin-echo sequence with
parameters: TE/TR=11/700 ms, NA=4, a 3.2×3.2 cm2 FOV, and a matrix size of 256×256,
number of slices=64, slice thickness=0.5 mm. A reference capillary with a 10% diluted PFC
emulsion in agarose was placed along the animal’s torso in the image FOV.
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CS reconstruction and signal quantification
CS images were reconstructed offline using the SparseMRI software package in MATLAB
(22). Briefly, reconstruction from a subset of k-space data was performed by finding
approximate solutions to the following equation using a nonlinear conjugate gradient
descent algorithm with back-tracking line search (22)

[1]

where  represent the total variation
TV-norm and the L1-norm operation, respectively, F is the Fourier encoding matrix, d is the
sampled k-space data vector, ρ is the image of interest to be reconstructed, α and β are
weighting parameters, ε is the threshold constraint on data consistency, and Dh and Dv

represent the differential operators along the horizontal and vertical dimensions,
respectively. Functions were called to reconstruct images by specifying a few key
parameters that included TV and L1 constraints (α = 2, β = 0.1, ε = 10−6) and 100 iterations
of the linear conjugate descent with a back-tracking line search algorithm. The sparsity
transform used was the identity transform, since 19F images are sparse in the spatial domain.
The typical reconstruction time for a 3D volume of matrix size 64×64×64 was
approximately 4 minutes on a PC including manual data loading.

After reconstruction, all phantom images were normalized to the maximum voxel image
intensity in the FOV to linearly rescale the image intensity of Bruker raw data from an
arbitrarily large scale to the range of [0,1]. Such image normalization may produce a
systematic over- or underestimation of the absolute signal intensity, but it will not affect
the 19F signal quantification. To quantify 19F signal in the phantom, the total signal intensity
in each capillary was calculated, and normalized to the total intensity of the largest capillary.
The in vivo 19F signal was normalized to the total intensity of the 10% PFC reference
capillary.

The image SNR was estimated using the average signal intensity in an ROI divided by the
standard deviation of background noise intensity in a large (>20 voxel) ROI distant from the
capillaries. For phantom studies, the signal SNR was calculated for the largest capillary. For
the in vivo experiment, the signal ROI was manually traced to include the entire perimeter of
the apparent inflammation hot-spot; for the noise calculation, a large ROI was used distant
from the rat body.

Results
Simulated CS studies of 19F phantom

Using a canonical phantom MRI dataset, the full k-space was retrospectively down-sampled
to evaluate the impact of CS on reconstructed images and 19F quantification. Two images
with different SNR levels were acquired by varying the slice thickness (SNR = 17 and 36).
Reconstruction with fully sampled k-space (AF=1) showed good agreement to the calculated
standard (Fig. 2). With AF up to 8-fold, the CS-reconstructed 19F signal values were
quantitatively comparable to the theoretical standard (Fig. 2). With AF as high as 16 or 32,
the simulated CS reconstruction began to underestimate the 19F signal intensity in all
capillaries (Fig. 2). Specifically, in the four largest capillaries (>5 voxels), the intensity
difference between CS reconstruction and the theoretical standard was within ±10%. In the
three smallest capillaries, containing significant partial-volume voxel content (voxel sizes
ranging from approximately 5 to < 1), the CS reconstructed signal had a larger estimation
error.
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Bland-Altman plots showed that the differences in 19F signal intensity from simulated CS
reconstruction and conventional reconstruction (AF=1) were close to zero when AF was less
than or equal to 8 (Figs. 3a–c). With AF=16 or 32, the absolute signal differences between
CS and conventional reconstruction increased to 0.03 and 0.05, respectively (Figs. 3d–e).
The magnitude of background noise seemed to have minimal impact on the quantitative
analysis in our simulated reconstruction when SNR was 17 or 36 (Figs. 2–3).

3D CS RARE studies of 19F phantom
The 19F phantom data acquired with 3D CS RARE are shown in Fig. 4. At all SNR levels
examined, undersampling k-space up to 32 times appeared to readily resolve the five largest
capillaries comprising >5 voxels. The image quality of the three smallest capillaries with
cross-section less than five voxels was only preserved at the highest SNR (=58) (Figs.
4a,d,g,j,m,p) but not at the two lower SNR levels. For all capillaries, no significant blurring
was detected at the capillary boundaries with AF<4 (Figs. 4a–i), however, a slight blurring
onset was visible at AF=8 (Figs. 4j–l). With AF=16 or 32, noticeable artifacts and shape
changes were detectable at the capillary edges (Figs. 4m–o, p–r). Interestingly, the CS de-
noising attribute (22) associated with the CS reconstruction was significant, as evident, for
example, by comparing the noisy conventional image Fig. 4c with Figs. 4f,i,l,o,r. Such noise
elimination is due to the non-linear nature of CS image reconstruction that enforces a
constraint on total variation (22).

Consistent with the simulated reconstruction, 19F signal quantification obtained from CS
RARE showed good agreement to the theoretical standard (Fig. 5). When AF ranged from 2
to 8, less than ±10% signal difference was observed in the four largest capillaries when
compared to the standard signal. These signal differences increase with AF, high noise
content (Fig. 5c), and decreasing capillary size (Figs. 5a–c).

Importantly, in the above phantom studies the image SNR/t significantly improved using
CS, provided the images have a relatively high SNR. For example, for AF=1 we obtained
SNR=58.6 with t~54 min, and for AF=8, a SNR=65.1 was measured with t~7 min. Thus, the
SNR/t was 1.1 versus 9.3 for AF=1 and 8, respectively, and overall, CS yielded a ~8.5-fold
improvement in SNR/t for AF=8.

3D CS RARE in vivo
Figure 6 shows representative 1H/19F images in a mouse model of localized inflammation
induced by wounding. Inflammation is observed at the right anterior side of the animal,
proximal to the jugular vein (Figs. 6a–b). The 19F signal indicates the presence of
phagocytic macrophages at the surgical site that have taken up the PFC emulsion droplets.
With AF=8 (Fig, 6c), the 19F imaging time was <9 minutes with NA=8 yielding a high SNR
image (SNR~44.7, averaged over an ROI). The 19F signal was present in a volume that
included 14 contiguous axial slices. No significant blurring in the AF=8 image (Fig. 6b) was
apparent at the edge of the lesion or external reference capillary when compared to the AF=1
and NA=8 CS-RARE image (SNR~34.7, averaged over an ROI), as shown in Fig. 6d. The
fully sampled images (AF=1) were reconstructed using the same CS reconstruction
procedure, thus they are denoised versions of the conventional RARE images. CS
acceleration (Fig. 6c) preserved the spatial variation of fluorine intensity compared to the
full k-space sampling (Fig. 6d). The de-noising effect by undersampled CS reconstruction
was also observed in vivo (Fig 6d), where the SNR was observed to be improved by ~13%
in the AF=8 image. For comparison, Fig. 6e shows a fully-sampled imaged with NA=1,
having the same imaging time as Fig. 6c with CS acceleration; this image shows degraded
image quality.
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With aid of the external PFC capillary in the image FOV, we analyzed the total number
of 19F spins observed in the lesion in vivo, which is proportional to the macrophage burden
(16). The results were 6.63×1019 and 6.22×1019 fluorine-19 spins for AF=1 (Fig. 6d) and
AF=8 (Fig. 6c), respectively. Thus, the spin quantification was in close agreement in this
single animal (N=1), differing by only ~6% between the two k-space sampling patterns.
Additionally, the number of 19F spins was quantified in the relatively low SNR, fully-
sampled, single average image (AF=1, NA=1, Fig. 6e). The spin quantification was ~9%
lower than that of the fully-sampled NA=8 image (Fig. 6d).

Consistent with the phantom studies, CS significantly improves the image SNR/t in vivo,
provided that the images have relatively high SNR. For the 19F inflammation data with
NA=8, the measured SNR/t was 4.5 and 44.7 for AF=1 and 8, respectively, and this
represents approximately a 10-fold improvement.

Discussion
CS is emerging as a useful method to significantly reduce MRI acquisition time by
exploiting data sparsity and undersampling k-space beyond the Nyquist criteria. MRI
applications of CS methods exploit data sparsity either in the image domain, time domain
(25), or transformed domains (22,31). In this study, we applied 3D CS acquisition and
reconstruction methods in the context of 19F cell tracking. Generally, the 19F signal of
labeled cells appears as ‘hot-spots’ in MRI images, that generally occupy of order 0.5–5% of
the total image voxels, and thus CS is potentially well suited for 19F cell tracking. In
phantom studies and in an in vivo model, we found that CS is effective in reducing the
image acquisition time by at least 8-fold without seriously affecting SNR, image features,
and 19F spin quantification. Overall, the image SNR/t, can be dramatically enhanced using
CS, thus lowering barriers towards the clinical adoption of 19F cell tracking. In addition to
its denosing effect, CS reconstruction may potentially cause image distortions and
systematic intensity differences in the objects, especially with high AF values (e.g., Figs. 4a
versus 4p).

Several factors influence the quality of the CS reconstructed 19F image. The AF value is the
most important factor. With an AF up to 8-fold, we found that both simulated and real CS
reconstructed images showed excellent quality (Fig. 4a–l). When AF was increased to 16 or
32, some signal degradation occurred, with noticeable edge blurring (Figs. 4m–r). In
addition, the quantitative results with high AF were less accurate in both the simulated and
real CS reconstructions (Figs. 2&5). Signal degradation by high AF seemed to be most
significant at low SNR (Fig. 5c). The accuracy of CS reconstruction also depends on the
image feature size. Large capillaries (>5 voxels) were well represented in both simulated
and real CS reconstruction, but feature sizes of less than five voxels, were subjected to
detectable quantification errors (Figs. 2 & 5). De-noising attributes of CS attenuate very low
SNR voxels, and the signal magnitude shrinking effect of L1-norm may contribute to the
quantification error of the smaller capillaries that contain fractionally higher numbers of
partial volume voxels. With CS reconstruction, signal from the three smallest capillaries
visually resembles that in conventional image (Fig. 4), but quantitative differences were
detected in signal intensities (Fig. 5). Further refinements in the CS algorithms may be
needed to improve the reconstruction accuracy of features comprising very small numbers of
voxels. Based on the findings in our phantom studies, an acceleration factor of 8-fold was
selected for our preliminary, proof-of-principle in vivo inflammation study. Even with the
presence of residual respiratory and other physiological motion, image features and 19F
signal quantification using CS showed excellent similarity compared to conventional
imaging.
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In this study, CS reconstruction was performed using two regularization terms, i.e., the L1-
and TV-norm constraints. Weighting of the two regularization terms was customized to
achieve reconstruction quality. The L1-norm constraint enforces minimization so that a 19F
image can be represented by a small number of numerical values, thereby enforcing signal
sparsity. Thus, L1-norm has been reported to have a shrinking effect on image features,
which can be modulated by its weighting (22). The TV minimization constrains
reconstruction under the assumption that a 19F image has limited intensity variation between
neighboring pixels. TV-norm intrinsically suppresses image noise since the same volume of
noise generally presents a larger total variation than the 19F intensity. An effective SNR
improvement in CS image was observed compared to the AF=1 image due to the constraint
of TV-norm (Figs. 4,6), which is consistent with previous reports (22,32,33).

To further improve CS reconstruction quality, additional regularization terms can be used
based on a priori knowledge of image features, at the cost of increased computational
complexity. Phase constraints (32), geometry constraints (34), and motion constraints (34)
have been proposed to improve CS reconstruction. L0-norm (35,36) and derivatives of TV-
norm (37) have also been proposed to improve feature representation and suppress noise and
artifacts.

The imaging method methods employed in our study used Cartesian k-space sampling with
a predetermined 3D randomized sampling scheme that undersampled k-space in two phase
encoding directions. Optimization of random k-space trajectories can be made for different
applications by Bayesian selection (38). Non-Cartesian k-space sampling patterns, including
radial (37,39) and spiral sampling (40), which intrinsically sample densely near the k-space
center, may be used to further improve the SNR/time of CS images compared to Cartesian
sampling.

CS can improve the image SNR/time and therefore enhance the utility of 19F cell tracking to
detect sparse cell numbers by enabling increased signal averaging within the temporal
confines of an imaging session. Previous studies have shown that the minimum cell
detection sensitivity for 19F cell tracking is of order 103-104 cells per voxel for high-field
animal scanners (16) and 104 to 105 cells per voxel for clinical MRI systems (20). The voxel
size for a study can be set by the MRI-practitioner depending on cell sparsity in tissue.
Experimental details, such as magnitude of PFC cell uptake, the image acquisition methods,
magnetic field strength, and detector coil configuration, determine the actual sensitivity for a
particular study. Importantly, 19F cell tracking does not demand a high 19F SNR. Because
there is negligible 19F background, any 19F signal detected is from labeled cells. Unlike 1H
anatomical imaging, where one relies on its high SNR to resolve detailed anatomy and organ
definition, the 19F image only needs to display localized ‘pools’ of cells at arbitrarily low
SNR, and the 1H overlay provides the detailed anatomical context.

We note that previous studies that quantitatively analyzed low SNR (SNR<6) 19F magnitude
images for in vivo cytometry applications (12) corrected for the bias created by the Rician
distributed noise (41) to improve spin-counting accuracy. Unlike the Rician noise
distribution of the conventional magnitude images, the noise distribution of the
undersampled CS images remains undefined, and future work will be required to model
incoherent noise in CS images. The method for SNR estimation used herein assumes
spatially homogeneous Gaussian noise, however, the noise in the CS reconstructed images
does not satisfy this condition. Thus, there is a loss of accuracy in quantitative SNR
measurements, and these may not give reliable information on image quality. Additionally,
the conclusion that SNR/t is improved with CS is relevant only for the high SNR
measurements, where all features are well preserved by the reconstruction. At low SNR,
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features details may be lost in the CS reconstruction, causing artifacts, as observed in the
phantom experiments.

Overall, we have shown that CS can increase the utility of 19F cell tracking. It delivers
accurate feature representation and quantification of 19F signal with a significant reduction
of imaging time over conventional imaging. The reduction of imaging time afforded by CS
will likely have the greatest impact in the clinical use of 19F-based cell tracking, where
imaging times would otherwise be prohibitively long in certain applications.
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Fig. 1.
Pseudo-random CS undersampling schemes emphasizing the k-space center. Panel (a)
shows AF=4 and panel (b) shows AF=16, where AF is acceleration factor. White pixels
represent lines that are sampled, while black represents unsampled k-space. Undersampling
occurs in the two phase encoding directions along the horizontal and vertical axes (matrix
size 128×128), while in the readout direction (into the page), the k-space remains fully
sampled.
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Fig. 2.
Quantification results for simulated CS acquisition and reconstruction of 19F phantom data.
Conventional FLASH images of 19F phantom with slice thickness of 1 mm (a) and 0.5 mm
(b) were reconstructed with full k-space sampling (AF=1) and different acceleration factors
(AF= 2, 4, 8, 16, and 32). Here, ‘Standard’ denotes theoretical 19F signal calculated using
the cross-sectional area of each capillary normalized to that of the largest capillary. The
error bars represent the standard deviation calculated for three slices.
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Fig. 3.
Bland-Altman plots showing difference between reconstructed 19F signal using full k-space
sampling and simulated CS with undersampling. FLASH images with slice thickness of 1
mm (SNR=36) and 0.5 mm (SNR=17) were reconstructed with full k-space sampling
(AF=1) and various acceleration factors (AF= 2, 4, 8, 16, and 32).
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Fig. 4.
3D CS acquisition and reconstruction of 19F phantom with different AF-values and SNR.
Here R=reference capillary. The other capillaries have the cross sectional areas of 0.563R,
0.380R, 0.250R, 0.145R, 0.100R, 0.056R, and 0.025R. Images are displayed on the same
intensity scale.
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Fig. 5.
Quantification results from 3D CS acquisition and reconstruction of 19F phantom at different
AF-values and SNR. The abscissae are the phantom capillary diameters normalized to the
largest capillary. The ‘Standard’ is the theoretical 19F signal values calculated using the
cross sectional area of different capillaries normalized to that of the largest capillary. The
experimental results agree with the theoretical signal values for capillaries with diameter
greater than 0.38 (~6 voxels). The error bars are the standard deviation among six
contiguous slices.
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Fig. 6.
In vivo 19F 3D CS RARE images in a localized inflammation mouse model. The pseudo-
colored images show macrophage accumulation in the region of wounding-induced
inflammation. Panel (a) shows a T2-weighted anatomical 1H image. Panel (b) is a 1H/19F
fused image of (a+c). Panel (c) is a single slice from a 3D 19F CS RARE image with AF=8
and NA=8. Panel (d) is an AF=1, NA=8 (fully-sampled k-space) RARE image. Panel (e) is a
single average image of panel (c), i.e., AF=1 and NA=1. Panel (f) is the difference image of
AF=8 and AF=1(c–d) for NA=8. The PFC emulsion was injected 24 hours after injury and
imaged at 72 hours. Here, A=anterior wall, L=left, and R= reference.
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