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Abstract

Objectives—Dynamic contrast enhanced (DCE) MRI exams of the kidneys provide quantitative 

information on renal perfusion and filtration. However, these exams are often difficult to 

implement because of respiratory motion and their need for a high spatiotemporal resolution and 

3D coverage. Here, we present a free-breathing quantitative renal DCE MRI exam acquired with a 

highly accelerated stack-of-stars trajectory and reconstructed with 3D through-time radial 

GRAPPA, utilizing half and quarter doses of gadolinium contrast.

Materials and Methods—Data were acquired in ten asymptomatic volunteers using a stack-of-

stars trajectory that was under sampled in-plane by a factor of 12.6 with respect to Nyquist 

sampling criterion and using partial Fourier of 6/8 in the partition direction. Data had a high 

temporal (2.1-2.9 s/frame) and spatial (approximately 2.2 mm3) resolution with full 3D coverage 

of both kidneys (350-370 mm2 × 79-92 mm). Images were successfully reconstructed with 3D 

through-time radial GRAPPA, and inter-frame respiratory motion was compensated by using an 

algorithm developed to automatically utilize images from multiple points of enhancement as 

references for registration. Quantitative pharmacokinetic analysis was performed using a separable 

dual compartment model.

Results—ROI pharmacokinetic analysis provided estimates (mean±std.dev.) of renal perfusion 

after half-dose: 218.1ml/min/100ml±57.1, plasma mean transit time: 4.8s±2.2, renal filtration: 

28.7ml/min/100ml±10.0, and tubular mean transit time: 131.1s±60.2in 10 kidneys. ROI 

pharmacokinetic analysis provided estimates (mean±std.dev.) of renal perfusion after quarter-

dose: 218.1ml/min/100ml±57.1, plasma mean transit time: 4.8s±2.2, renal filtration: 28.7ml/min/

100ml±10.0, and tubular mean transit time: 131.1s±60.2 in 10 kidneys. 3D pixel wise parameter 

maps were also evaluated.

Conclusion—Highly under sampled data were successfully reconstructed with 3D through-time 

radial GRAPPA to achieve a high resolution 3D renal DCE MRI exam. The acquisition was 

completely free-breathing, and the images were registered to compensate for respiratory motion. 
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This allowed for accurate high resolution 3D quantitative renal functional mapping of perfusion 

and filtration parameters.
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Introduction

Quantitative dynamic contrast enhanced (DCE) MRI exams of the kidneys can be used to 

provide valuable information on both renal perfusion and filtration by employing 

pharmacokinetic modeling of gadolinium-based contrast agents to obtain measurements of 

these physiologically relevant model parameters (1–7). This quantitative evaluation of the 

kidney has a broad potential for impact in clinical care, including evaluation of renal artery 

stenosis, renal transplants, and tumor characterization (8–12). Furthermore, it can be 

combined with other MR imaging methods, such as an MR angiography exam, for 

comprehensive assessment of the kidneys (10,13–17).

However, acquisition of DCE MRI data is not trivial, particularly if 3D and high resolution 

analysis is desired. These methods require high temporal resolution to appropriately sample 

the arterial input function and the enhancement of renal parenchyma tissue (18), and thus 

spatial resolution or volumetric coverage is typically sacrificed. View-sharing methods have 

been utilized to achieve 3D coverage (19–21), but a broad temporal footprint across the 

shared timeframes could affect the accuracy of the pharmacokinetic analysis (20). In 

addition to the resolution requirements, DCE-MRI scans also require sampling of the entire 

enhancement process, requiring scan times that exceed four minutes (18). This long 

enhancement time course means that respiratory motion is unavoidable and thus 

problematic. Repeated breath-holds can be employed but there is significant potential for 

motion due to incomplete breath-holds, especially as the patient tires. Moreover, the 

necessary rest phases between breath-holds result in data gaps that deleteriously affect the 

modeling.

In this study, we address all of these problems by performing a free-breathing, 3D high 

resolution renal perfusion exam. We utilize a highly-accelerated non-Cartesian stack-of-stars 

trajectory with a 3D through-time radial GRAPPA reconstruction (22,23) to achieve high 

spatiotemporal resolution acquisition with full volumetric coverage of the kidneys. The high 

temporal resolution free-breathing images are registered to correct for inter-frame motion, 

and then a separable two compartment renal pharmacokinetic model (7,24) is applied to 

estimate perfusion and filtration parameters.

Materials and Methods

Image Acquisition and Reconstruction

In this IRB-approved, HIPAA compliant study, ten asymptomatic volunteers (20 kidneys) 

were scanned after written informed consent. Volunteers were given no instructions 

regarding water, food, or caffeine intake prior to the study. Imaging was performed at 3.0T 
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(Magnetom Skyra, Siemens Healthcare, Erlangen, Germany) with a 18 channel body matrix 

receive coil and spinal array coil (12-16 channels). The DCE-MRI exam was initiated 

immediately following injection of a half (in five volunteers) or quarter (in five volunteers) 

dose by weight, of Gadopentetate Dimeglumine (Magnevist, 0.05 and 0.025mmol/kg, Bayer, 

Berlin, Germany).

A spoiled gradient echo acquisition was performed with a stack-of-stars k-space trajectory. 

For this cylindrical-shaped trajectory, data were sampled in-plane with a radial trajectory 

that is replicated along the partition direction using Cartesian encoding. To accelerate the 

acquisition, only radial under sampling was used (as described in (25)). The in-plane radial 

trajectory was under sampled by a factor of eight such that 20 radial projections were 

acquired for each partition. This yields an acceleration factor of 12.6 with respect to the 

Nyquist sampling criterion. This highly accelerated acquisition yielded a temporal resolution 

of less than 3 seconds/frame. Scanning parameters were tailored to fit the anatomy of each 

volunteer while maintaining a scan time of less than 3 seconds per volume. Other scanning 

parameters include: oblique coronal slab orientation, repetition time: 3.02-3.78 ms, echo 

time: 1.3 ms, flip angle: 12°, field-of-view (FOV): 350-370mm2 × 79.2-92 mm, spatial 

resolution: 2.2-2.3 mm3, bandwidth: 710 Hz/pixel, partial Fourier in partition direction: 6/8, 

acquisition time: 2.1-2.9 s/frame, number of frames: 135, total DCE MRI acquisition time: 

4.7-6.5 min.

As described above, the stack-of-stars data were under sampled in-plane in every partition to 

meet the stringent needs of the renal DCE MRI exam. This results in poor image quality 

with noise amplification and radial aliasing artifacts. To mitigate these artifacts, images 

were reconstructed with 3D through-time radial GRAPPA (22,23). In this reconstruction, 

GRAPPA weights are applied to the acquired radial projections to reconstruct the missing 

radial projections. These GRAPPA weights are calibrated for small segments of the radial 

trajectory using fully-sampled, 3D time-resolved calibration data (22,23). To perform the 3D 

through-time calibration, an additional fully-sampled dataset was acquired with the 

following parameters after the renal DCE-MRI exam: 160 projections/partition,8 low 

resolution partitions with the same field-of-view as the under sampled data, 16 temporal 

repetitions, segment size of 4 projections × 8 readout points, and a calibration acquisition 

time of approximately 1-1.3 minutes. Using this calibration data, GRAPPA weights were 

calculated and used to reconstruct the missing projections. The ‘through-time’ moniker in 

the name of this reconstruction method refers to the use of temporal repetitions for the 

GRAPPA weight calibration. No temporal filtering or view-sharing was utilized. Data were 

further accelerated with a partial Fourier acquisition along the partition encoding direction, 

and were reconstructed using projection onto convex sets (POCS) prior to performing a 

Fourier transform along the partition direction. Density compensation and the non-uniform 

fast Fourier transform (26) were then applied to the in-plane radial data to provide 

reconstructed images.

All reconstructions were performed offline using MATLAB (The Mathworks, Inc., Natick, 

MA). The 3D through-time radial GRAPPA reconstruction is entirely automated, and only 

requires the user to select calibration parameters (segment size, number of calibration 

repetitions and partitions) that have been previously optimized (22,23). Further 
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reconstruction details can be found in (22,23) and open-source code for through-time radial 

GRAPPA can be found in (25).

Image Registration

All data were acquired without breath-holds, and volunteers were asked to breathe normally 

during data acquisition. Because of the free-breathing acquisition, respiratory motion 

between frames must be compensated prior to DCE-MRI analysis. Here, a registration 

technique was implemented based on work by Chen, et al. (27), which was previously 

applied to free-breathing, dynamic contrast-enhanced liver data.

Registration algorithms typically produce better results when applied to images with similar 

contrast or appearance. For example, registering images during the corticomedullary phase 

of enhancement to images during the nephrographic phase can be difficult due to the 

markedly different appearance of the kidneys at these times. To avoid this problem, this 

method utilizes several reference frames where the kidney is at the same spatial location but 

at different points in enhancement. The algorithm can then select the reference frame that is 

temporally nearest to each frame for registration.

This strategy requires that all reference frames have negligible motion between them. Thus, 

a canny edge filter was applied to a single coronal slice, and an automated algorithm 

detected the top edge of the liver throughout the acquisition to track motion. From these 

data, the most frequently occurring location was selected, and these frames were monitored 

to ensure that negligible motion occurred between the selected references. After the 

references were identified, the open-source FNIRT software (FMRIB's Non-linear Image 

Registration Tool) was utilized to register each frame to the temporally nearest reference 

frame (28,29).

DCE-MRI Analysis

A separable two-compartment pharmacokinetic model was used to quantitatively evaluate 

perfusion and filtration in the kidneys (7). This model describes the perfusion (FP, mL/

100mL/min) of gadolinium from the arteries to the tissue, where it disperses over the tissue 

compartment volume (VP, mL/100mL). The model additionally considers the filtration rate 

(FT, mL/100mL/min) of gadolinium from the tissue into the renal tubules, where it disperses 

over tubular volume (VT, mL/100mL). The mean transit time (MTT) of the tracer in the 

tissue and renal tubular compartments are also denoted as TP and TT, respectively. As 

previously described by Sourbron, et al. (7), the concentration of contrast agent that is 

transferred to the tissue compartment can be described by the following equation:

where CA(t) is the arterial input function and CP(t) is the concentration of gadolinium in the 

tissue compartment. Note that the arterial input function is normalized to account for the 

hematocrit Hct(by a factor of (1-Hct), where Hct is assumed to be 0.45).
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The contrast agent will be filtered from the renal tissue compartment to the tubular 

compartment as described in the following equation:

where CT is the concentration of gadolinium in the tubular compartment. This model also 

accounts for reabsorption of the contrast agent, which is denoted in the equation above as a 

fraction that is reabsorbed f. Note that the mean transit time of the tubular compartment will 

be normalized by the amount of concentration that is not reabsorbed (1-f), such that 

.

It is important to note that the tissue and tubular compartments cannot be separately 

measured, and thus a weighted sum of the two compartments reflects the concentration 

changes in acquired renal DCE MRI data:

where C(t) describes concentration of gadolinium for the whole kidney or the renal cortex. 

Because the arterial input function is used directly in this model, recirculation effects are 

accounted for. Using this model, four parameters can be independently estimated: FP 

(Perfusion rate), TP (MTT in the plasma compartment), FT (Filtration rate), and TT (MTT in 

the tubular compartment). Complete details of this model have been described previously 

(7,18).

In this study, an ROI in the aorta proximal to the renal arteries was used for the arterial input 

function. Based on the assumptions of the model (7), a ROI analysis was performed using a 

whole kidney ROI. Pixelwise parameter mapping was also performed on the renal cortex, 

which was segmented by thresholding signal intensity values in a frame during 

corticomedullary enhancement.

To convert signal intensity values to concentration of Gd-DTPA, the following equation was 

used (30):

Where T1, 0 is the baseline T1 of the tissue (used literature value (31)), T1 is its shortened 

value in the presence of Gd-DTPA, r is the relaxivity of the contrast agent (used literature 

value (32)), and C is the concentration of the contrast agent. T1 was computed using signal 

values and the FLASH signal intensity relationship (30). When converting signal to T1, it 

was assumed that there were no substantial changes in coil sensitivities (or other scaling 
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factors) during the concentration time-courses. The resulting concentration time courses 

were used to estimate perfusion and filtration parameters (FP, TP, FT, and TT) with a non-

linear least squares fit using MATLAB (‘fminsearch’ algorithm, The Mathworks, Inc., 

Natick, MA).

The accuracy of the perfusion and filtration parameter estimation is dependent on the SNR 

of the acquisition. To evaluate how acquisition noise may propagate to errors in parameter 

estimation, the noise level of the acquisition was measured using the bootstrapping method 

(33). In one volunteer, a noise scan was acquired in addition to the under sampled data 

(where the noise scan had the same acquisition parameters but no RF excitation). The 

contrast-enhanced scan was acquired after administration of a quarter dose of Gd-DTPA to 

evaluate noise propagation in the lower SNR case. The randomly reordered noise was added 

to the under sampled data, which were then reconstructed as described above. This process 

was repeated to generate 20 datasets. The ROI pharmacokinetic analysis described above 

was performed on each dataset, and FP, TP, FT, and TT were quantified.

Results

Using the 3D through-time radial GRAPPA reconstruction algorithm, highly under sampled 

data were acquired and successfully reconstructed to achieve a high spatiotemporal 

resolution. In Figure 1, a single partition from a 3D data set is shown at two time points 

during contrast enhancement. The top row in Figure 1 shows the reconstructed under 

sampled data to demonstrate the level of aliasing artifacts and noise amplification present in 

the underlying date. The second row shows these same images after reconstruction with 3D 

through-time radial GRAPPA, where the aliasing artifacts are successfully removed. The 

successful reconstruction of highly accelerated data with 3D through-time radial GRAPPA 

is also shown in Figure 2 for a second dataset. Here, three partitions of the 36 acquired 

partitions are shown at 3 different times during contrast enhancement. From these data, 

image details can be seen, such as corticomedullary differentiation during the arterial phase, 

despite using a highly under sampled and free-breathing exam. Furthermore, these data have 

a high spatiotemporal resolution without sacrificing 3D coverage.

After image reconstruction, the registration algorithm began by detecting motion that 

occurred at the top of the liver, which provides a pixel position over time as shown in Figure 

3A. The most frequent position (marked by red ‘x’) are all used as reference images for 

image registration, and all other images are registered to the temporally nearest reference. 

Figure 3B shows images before and after registration is applied. Five adjacent time points 

during the excretory phase of enhancement were selected during a deep inhale by the 

volunteer (shown by red circles in Figure 3A). Source images are shown in the first five 

columns of Figure 3B before (top row) and after (bottom row) registration. The final column 

in Figure 3B shows a subtraction of the last time point from the first time point to 

demonstrate the change in signal. While respiratory motion of the kidney is relatively small, 

it can be seen in both the source and subtracted images in Figure 3B (top row). Figure 3B 

(bottom row) demonstrates the non-rigid 3D registration's ability to mitigate respiratory 

motion. Because the respiratory motion of the kidney is relatively small, an ROI analysis 

that evaluates the whole kidney is not substantially degraded by respiratory motion. 
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However, this motion does degrade the quality of a pixelwise analysis as shown in Figure 

3C. This figure shows the change in signal intensity in a single pixel at the edge of the renal 

cortex. The registration algorithm clearly reduces signal fluctuations due to respiratory 

motion in that pixel, which would affect the resulting pharmacokinetic analysis.

After reconstruction and registration, pharmacokinetic analysis was performed both with 

pixelwise mapping and using ROIs, to quantify perfusion, filtration rates and mean transit 

times. The measured arterial input and renal concentration time courses from ROIs in aorta 

and in a single slice of the renal parenchyma are shown in Figure 4A and 4B for data 

acquired after a half and quarter dose, respectively, and a representative model fit of the data 

is shown in Figures 4A-D. These data show typical concentration ranges that were seen 

across our population and also good model fit of the data. For each ROI analysis in 20 

kidneys, an average root mean squared error of 1.7% was seen between the data and the 

model fit. The quantitative parameter estimation results from this analysis using an ROI on a 

single slice around the whole kidney can be seen in Table 1 where 10 kidneys were analyzed 

separately in five asymptomatic volunteers for each dose (total of 20 kidneys in ten 

volunteers). The bootstrap simulations resulted in a standard deviation of 7.6 ml/min/100ml 

for Fp, 0.09s for Tp, 0.7 ml/min/100ml for FT, 6.5s for TT.

Figures 5 and 6 show perfusion rate, filtration rate, and mean transit time pixelwise 

parameter maps for several partitions from two different volunteers after administration of a 

half and quarter dose of Gd-DTPA. These parameters maps are overlaid on the anatomical 

images for reference. Although only 4partitions are shown here, more than 36 partitions 

were actually acquired for these high spatial resolution 3D acquisitions.

Discussion

While much of present clinical MRI focuses on anatomical imaging, techniques including 

DCE MRI are promising because they could add a quantitative underlay to renal imaging 

(8–12). The combination of perfusion quantification with anatomical imaging could provide 

complete renal assessment in a single comprehensive MRI exam (10,13–17). However, in 

order for perfusion measurements to find widespread utility in the clinical environment, the 

exams must be easy to implement, robust to patient compliance issues such as problems with 

breath-holding, and should be performed at clinically relevant resolutions with complete 

volumetric coverage. In this study, we aimed to provide a high spatiotemporal resolution 

exam with full coverage of the kidneys without breath-holding. To achieve the desired 

resolution and volumetric coverage, the data were acquired with a highly under sampled 

non-Cartesian trajectory and were reconstructed with 3D through-time radial GRAPPA 

(22,23). Furthermore, it can be easily implemented with real-time reconstructions (34). In 

addition, this entire technique is performed without breath-holds, which simplifies the exam 

for use in patients who have difficulty holding their breath, in and of itself a critical 

improvement in renal imaging.

3D through-time radial GRAPPA was used to successfully reconstruct data with a temporal 

resolution of better than 3s/frame using acceleration factor of 12.6 with respect to the 

Nyquist criterion and partial Fourier in the partition direction. Despite this high degree of 
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under sampling, the images retain excellent quality, as can be seen in Figures 1 and 2. In 

contrast to other reconstruction techniques, an advantage of 3D through-time radial 

GRAPPA reconstruction is that the temporal footprint is the same as the temporal resolution, 

which for these exams ranged between 2.1 and 2.9s/frame. No view-sharing or temporal 

filtering was employed to reconstruct the data, thus guaranteeing a high fidelity 

reconstruction. This short, well-defined temporal footprint allowed for accurate 

pharmacokinetic analysis of renal enhancement, with obtained parameters in good 

agreement with the published literature.

For quantification of renal perfusion and filtration, images are acquired for several minutes 

after contrast administration. In order to avoid errors due to motion, image registration must 

be performed prior to pharmacokinetic analysis (35). While a lot of research has been 

explored for registration of dynamic data, the additional challenge of changing contrast 

throughout the acquisition must also be considered. Previous approaches have successfully 

utilized a wide range of registration techniques (7,36–43). Respiratory motion can be 

minimized by performing multiple breath-holds (2,21,37,44), but patient fatigue could affect 

compliance, and the exam is complex for both the patient and the clinical technologists. 

Moreover, motion between the multiple breath-holds is still problematic, and missing data 

between breath-holds could affect quantitative accuracy. In order to alleviate these 

problems, data acquisition in this study was completely free-breathing, and images were 

retrospectively registered using FNIRT. This approach has many advantages. First, because 

this is exam is completely free-breathing, patient comfort and compliance is greatly 

improved, and the scans are very easily performed. Second, the registration algorithm can be 

easily implemented offline using a canny edge detection algorithm (MATLAB) and open-

source non-rigid registration methods. Because respiratory motion is relatively small for the 

kidneys, the effect of motion on signal intensity curves in the ROI analysis is minimal. 

However, motion is more problematic when generating a pixelwise parameter map as seen 

in Figure 3C. The registration results demonstrated in Figure 3 show that the algorithm 

works well despite large changes in contrast and non-rigid motion throughout the 

acquisition, which allowed for improved pixelwise quantitative analysis. Respiratory motion 

during the 2-3s acquisition of each individual frame was not corrected. However, as seen in 

the images in Figures 1-3, intra-frame respiratory motion was minimal and did not cause 

deleterious image artifacts.

Functional evaluation of both kidneys in ten volunteers was performed using a 

pharmacokinetic analysis that included renal perfusion and filtration parameters. Results 

shown in Figure 4 show a good model fit with low residual error with this ROI analysis. The 

bootstrap error analysis shows that measurement errors in FP, TP, FT, and TT are 6.5-20 

times smaller than the physiological variations in these parameters (Table 1) seen across the 

study population. The resulting estimated perfusion parameters (as shown in Table 1) are in 

good agreement with those previously reported in the literature (7). The filtration rate 

parameter (FT) is directly proportional to GFR (referred to here as estimated GFR or 

GFRest) (7). In order to determine GFRest values, a typical single kidney weight of 200g and 

a tissue density of 1g/ml were assumed. For the half dose data, the mean (±standard 

deviation) single kidney GFRest was 57.4ml/min±20.0, and the mean (±standard deviation) 

GFRest per subject was 114.9ml/min±38.4. For the quarter dose data, the mean (±standard 
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deviation) single kidney GFRest was 51.5ml/min±17.9, and the mean (±standard deviation) 

GFRest per subject was 103.0ml/min±36.5.

High resolution parameter mapping was also demonstrated in Figures 5-6. It should be noted 

that only a half-dose (by weight) of gadolinium contrast was utilized in Figure 5 and only a 

quarter-dose of gadolinium contrast was utilized in Figure 6. While previous studies have 

explored a low dose approach to renal DCE-MRI, these results demonstrate that a low dose 

exam can still be used for a pixelwise analysis with this highly accelerated 3D non-Cartesian 

parallel imaging acquisition and reconstruction. This opens the door for developing a low 

dose comprehensive renal exam, or alternatively, using a second half-dose of contrast for 

other purposes such as a high resolution breath-held angiography study.

A potential limitation for this methodology is that both the reconstruction and registration 

methods are computationally demanding and must be implemented properly to avoid 

clinically prohibitive durations. For this work, all image reconstructions and registrations 

were performed offline, and no parallelization or GPU processing was used. However, this 

implementation was too slow for clinical use, so a low-latency through-time radial GRAPPA 

reconstruction using GPU programming was also implemented. This method has previously 

been used to perform real-time reconstructions with 2D data (34), and was adapted to work 

with the 3D stack-of-stars data. With the GPU-based reconstruction, GRAPPA weight 

calculation took approximately 38.6 seconds, and reconstruction of each frame took 

approximately 15.6 seconds. Offline registration of the reconstructed data using FNIRT was 

approximately 9 min/frame using a single CPU core. The registration of each individual 

frame can be performed independent of all other frames, so registration could also benefit 

from parallelization.

In conclusion, 3D through-time radial GRAPPA was used to reconstruct data with a high 

temporal (2.1-2.9 s/frame) and spatial (approximately 2.2 mm3) resolutions with full 3D 

coverage of both kidneys and the aorta (350-370 mm2 × 79-92 mm). The acquisition was 

completely free-breathing, and the images were registered to compensate for respiratory 

motion. This allowed for accurate high resolution 3D quantitative renal functional mapping 

of perfusion and filtration parameters.
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Figure 1. 
This figure demonstrates the successful reconstruction of highly accelerated stack-of-stars 

data with 3D through-time radial GRAPPA. These data were acquired at an acceleration of 

12.6 with respect to Nyquist sampling criterion with a spatial resolution of 2.2mm3 and a 

temporal resolution of 2.3s/frame. The top row shows the original undersampled data with a 

gridding reconstruction to show the level aliasing artifacts and noise amplification present in 

the acquired data. The bottom row shows reconstructed images with the 3D through-time 

radial GRAPPA reconstruction. The undersampled and reconstructed images are shown for 

a single partition (from the 40 acquired partitions) at two different time points during 

contrast enhancement at the corticomedullary phase (23s post injection) and at the 

nephrographic phase (98.9s post injection).
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Figure 2. 
This figure shows reconstructed images for 3 partitions from the 36 acquired partitions and 3 

time points during the corticomedullary, nephrographic, and excretory phases of 

enhancement. These data were acquired at an acceleration of 12.6 with respect to Nyquist 

sampling criterion with a spatial resolution of 2.2mm3 and a temporal resolution of 2.1s/

frame. Despite the high level of acceleration and free-breathing nature of the acquisition, the 

images maintain excellent image quality.
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Figure 3. 
Images are acquired with a free-breathing acquisition. Respiratory motion is observed by 

tracking motion at the top of the liver, which provides a pixel position over time as shown in 

Figure 3A. Images at the most frequently occurring position (marked by red ‘x’) are used as 

references for image registration. It is assumed that no motion occurs between these 

reference images. All other time frames are registered to their temporally adjacent neighbor. 

The motion observed during data acquisition and the successful registration of this data is 

shown in Figure 3b. The top row of images shows a single partition over fiver adjacent time 

points that were acquired during a deep inhale (time points noted by red circles in Figure 

3A). The bottom row shows these images after registration. The last column shows a 

subtraction of the first and last source images. Figure 3B demonstrates that there can be 

problematic renal motion during the acquisition, and that this motion can be successfully 

compensated with the registration algorithm. Finally, Figure 3C shows a single pixel's signal 

intensity time course before and after image registration (pixel located at the top of the right 

renal cortex). By comparing these two plots, it is clear that oscillations due to respiratory 

motion are largely removed.
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Figure 4. 
Figure 4A shows a representative arterial input function (AIF) and renal enhancement 

curves from ROIs placed in the aorta and around the whole kidney. Figures 4A and 4B also 

show the model fit of this data. This model fits the renal enhancement data well with very 

low residuals between the model and the data.
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Figure 5. 
Figure 5 shows pixelwise parameter maps of the four parameters (perfusion, filtration, and 

mean transit times of the plasma and tubule compartments) from the pharmacokinetic renal 

model in 4 of the 36 acquired slices. These data were acquired after administration of a half-

dose (by weight) of Gd-DTPA.
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Figure 6. 
Figure 6 shows pixelwise parameter maps of the four parameters (perfusion, filtration, and 

mean transit times of the plasma and tubule compartments) from the pharmacokinetic renal 

model in 4 of the 40 acquired slices. These data were acquired after administration of a 

quarter-dose (by weight) of Gd-DTPA.
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Table 1

Summary of renal perfusion and filtration parameters using the separable compartment model for a whole 

kidney ROI analysis. Each column reports Mean ± Standard Deviation. A range of average values found in the 

literature for normal kidneys is also provided for reference.

Half Dose (n=10 
kidneys)

Quarter Dose (n=10 
kidneys)

Pooled Data (n=20 
kidneys)

Literature Values Refs. 
(7,10,12)

Renal Perfusion (FP, ml/min/100ml) 218.1 ± 57.1 212.5 ± 47.6 215.3 ± 51.3 ∼ 171.5-229.0

MTT in Plasma (TP, seconds) 4.8 ± 2.2 3.3 ± 0.8 4.0 ± 1.8 ∼6.5

Renal Filtration (FT, ml/min/100ml) 28.7 ± 10.0 25.8 ± 9.0 27.2 ± 9.4 ∼21.3-31.0

MTT in Tubules (TT, seconds) 131.1 ± 60.2 124.2 ± 36.3 127.6 ± 48.5 ∼125

Invest Radiol. Author manuscript; available in PMC 2015 October 01.


