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Abstract

Purpose—To introduce a respiratory-gated high-spatiotemporal-resolution dynamic-contrast-

enhanced MRI technique and a high-temporal-resolution aortic input function (HTR-AIF) 

estimation method for glomerular filtration rate (GFR) assessment in children.

Methods—A high-spatiotemporal-resolution DCE-MRI method with view-shared reconstruction 

was modified to incorporate respiratory-gating, and an AIF estimation method that uses a fraction 

of the k-space data from each respiratory period was developed (HTR-AIF). The method was 

validated using realistic digital phantom simulations and demonstrated on clinical subjects. The 

GFR estimates using HTR-AIF were compared to estimates obtained by using an AIF derived 

directly from the view-shared images.

Results—Digital phantom simulations showed that using the HTR-AIF technique gives more 

accurate AIF estimates (RMSE = 0.0932) compared to the existing estimation method (RMSE = 

0.2059) that used view-sharing (VS). For simulated GFR > 27 ml/min, GFR estimation error was 

between 32% and 17% using view-shared AIF, whereas estimation error was less than 10% using 

HTR-AIF. In all clinical subjects, the HTR-AIF method resulted in higher GFR estimations than 

the view-shared method.

Conclusion—The HTR-AIF method improves the accuracy of both the AIF and GFR estimates 

derived from the respiratory-gated acquisitions, and makes GFR estimation feasible in free-

breathing pediatric subjects.
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Introduction

A substantial percentage of children worldwide are affected by chronic kidney disease 

(CKD) (1). In its early stages, the disease is typically asymptomatic, but in later stages CKD 

causes reduced glomerular filtration and eventually leads to end-stage renal disease. Among 
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the leading causes of CKD in children are obstructive uropathy and congenital anomalies, 

also referred to as aplasia, hypoplasia, and dysplasia (2), which are usually diagnosed by 

renal ultrasound. However, further evaluation is often required to assess unresolved 

anatomical issues and to assess renal function. MRI is particularly attractive for this 

evaluation in a pediatric setting as alternative imaging modalities such as computed 

tomography (CT) and nuclear scintigraphy involve ionizing radiation.

Magnetic resonance urography (MRU) has been used in the diagnosis of pediatric renal 

disease for a few decades now. MRU is mostly used as an anatomical evaluation tool based 

on fluid-sensitive T2-weighted sequences to detect abnormalities in the urinary tract (3–6). 

In the last decade, contrast-enhanced dynamic imaging sequences were included in MRU 

protocols, allowing visualization of contrast dynamics and measurement of semi-

quantitative functional metrics such as renal transit time and split renal function (7–9). 

Recently, there has been work on extending dynamic MRU by including pharmacokinetic 

modeling (10–13) to estimate the glomerular filtration rate (GFR), which is the primary 

metric used in diagnosis and staging of chronic kidney disease. In addition, these models can 

provide single-kidney GFR estimates and even localized GFR maps that may be useful in 

surgical planning.

Glomerular filtration rate assessment using MRU is based on dynamic contrast enhanced 

MRI (DCE-MRI) and can be used for quantitative assessment of renal physiology. DCE-

MRI is performed by injecting a gadolinium-based contrast agent and observing the passage 

of this contrast in vivo using a T1-weighted MRI sequence. The time-resolved MR images 

obtained by this sequence can be analyzed qualitatively or quantitatively. Qualitative 

analysis can be used to identify any abnormal masses or obstructions but fails to measure the 

glomerular filtration rate (GFR) of the kidneys, which is a sensitive indicator of renal 

function. Quantitative functional metrics such as renal transit times, split function, single 

kidney GFR, and regional GFR maps, can be estimated from the DCE-MRI dataset using 

pharmacokinetic models. However, quantitative analysis of DCE-MRI data remains 

challenging due to the need for high spatiotemporal resolution. A high spatial resolution is 

needed for creating regional maps of renal function metrics, whilst a high temporal 

resolution is required for capturing the fast temporal dynamics of the arterial input function 

and plays a significant role in the quantitative analysis (14).

Due to the high temporal resolution demands of quantitative analysis, 2D multi-slice 

imaging with low spatial resolution has been used for MRU (11, 13). However, low spatial 

resolution and thick slices make renal segmentation difficult and limits the analysis to large 

regions of interest. Three-dimensional sequences that can achieve high spatiotemporal 

resolution have been developed (15–20) but have not been specifically focused on MR 

urographic applications. A TWIST based technique has been used for MR urography on 

adult patients employing breath holds (21). However, applying the same technique for 

pediatric patients is impractical due to the difficulty in maintaining long breath-holds, while 

a free breathing acquisition leads to significant motion artifacts in the images. One way to 

reduce these motion artifacts is respiratory gating, although this leads to reduced temporal 

resolution and increased temporal blurring due to the respiratory breaks during the 

acquisition.
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Recently, a high-spatiotemporal-resolution sequence, DISCO (Differential Subsampling 

with Cartesian Ordering), was demonstrated for adult liver imaging, which combined 

pseudorandom sampling with view sharing and parallel imaging acceleration to achieve 

breath-held dynamic acquisitions (17, 22). Here, we present a respiratory gated sampling 

scheme for DISCO and a new post-processing technique for mitigating the effects of 

increased temporal blurring on the arterial input function. This combined new method is first 

validated on a realistic digital phantom using simulations and then its feasibility is 

demonstrated in pediatric subjects. Finally, the impact of the proposed post-processing 

technique on GFR measurement is assessed.

Methods

Pulse Sequence

The acquisition sequence used in this study is a modification of the recently described high-

spatiotemporal-resolution sequence called DISCO (17). This method uses a 3D spoiled 

gradient echo (3D SPGR) sequence with a bipolar readout followed by two-point Dixon 

reconstruction. It employs a 3D-Cartesian subsampling strategy with the ky-kz plane divided 

into 2 concentric regions: a fully sampled central k-space (A region), and a pseudo-

randomly subsampled outer k-space (B regions). The A region is defined with the parameter 

fA, fraction of total k-space samples in one temporal phase. The pseudo-random 

subsampling divides the B region into M non-overlapping sub-regions (B1 to BM) that are 

acquired progressively after every A region (AB1 to ABM). In each temporal phase, an A 

region and a sub-region of B is acquired and the missing k-space data is filled in using 

nearest-neighbor view sharing.

Conventional DISCO acquisition is challenging for pediatric patients due to the difficulties 

of maintaining long breath holds, obtaining repeated breath-holds, and ensuring that the 

repeated breath-holds have the kidneys in the same position. Hence, we incorporated 

respiratory-gating into DISCO to eliminate the need for breath holding. A navigator echo 

monitoring the right hemi-diaphragm was used for triggering the acquisition in the end-

expiratory phase to minimize motion artifacts due to breathing. The DISCO sampling 

pattern and the timing diagram of a typical acquisition with respiratory gating is shown in 

Fig. 1. The central k-space, A region, is fully acquired in a single respiratory window to 

reduce motion artifacts from k-space inconsistencies. Each of the M sub-regions of the outer 

k-space is further split into S concentric and annular sub-regions that can be acquired in one 

respiratory window. The number of phase encodes acquired in each respiratory window is 

based on the patient’s end-expiratory phase duration and it is defined by choosing the 

parameters fA, M and S at the time of the scan. The typical values for these parameters are 

fA = 0.1, M = 3 and S = 2 or 3. The temporal resolution and temporal footprint are given by 

the parameters M and S as well as the respiratory rate (RR) of the patient:

[1]
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[2]

Temporal resolution is defined as the time between acquisitions of A regions (i.e. center of 

the k-space). A regions are always acquired in a single respiratory window and each pseudo-

randomly subsampled B region is split into S rings each acquired a single respiratory 

window. Hence, there are S+1 respiratory windows between the acquisitions of A regions 

(Eq. 1). If the respiratory rate increases, the length of the respiratory window is shortened. In 

order to maintain the spatial resolution and temporal resolution, the parameter S can be 

increased to spread out the acquisition of B region into more respiratory windows each with 

shorter duration.

The view-shared reconstruction method uses an A region and M pseudo-randomly 

subsampled B regions, each split into S rings, to construct the full k-space. Therefore, the 

full temporal span of each reconstructed image is MxS+M-1 respiratory windows as shown 

in (Eq. 2). The MxS term comes from the acquisition of B regions and the M-1 term comes 

from the acquisition of A regions in between B regions (Fig. 1).

Quantitative Analysis of DCE-MRI Datasets

The first step in the quantitative analysis of DCE-MRI datasets is the segmentation of the 

regions of interest (ROI). For GFR estimation, these regions are renal cortex, renal medulla, 

and the collecting system of each kidney. In addition to these, an aortic ROI is defined to 

extract the arterial input function (AIF). After the segmentation, the average signal intensity 

within each ROI (SROI) is calculated for each temporal phase. Then, the signal intensity 

curves are converted to the concentration-time curves (CROI) using Eqs. 3 and 4.

[3]

[4]

where r1 is the relaxivity of gadolinium, T1(0) is the pre-contrast T1 value of the tissue, TR 

is the repetition time and θ is the flip angle. The constant S0 in Eq. 4 is calculated from the 

dataset using the pre-contrast signal and T1 values of the tissue inside the ROI. The 

concentration of the contrast agent in this study is estimated using r1 = 4.5 s−1mM−1, 

T1,blood = 1.4 s and T1,kidney = 1.2 s as reported in literature (11).

The concentration of contrast agent in the blood plasma is obtained by applying a hematocrit 

correction to the aortic concentration as seen in Eq. 5. Here, we use a hematocrit value of 

0.41, as suggested in previous work (11).
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[5]

The glomerular filtration rate (GFR) of each kidney is estimated from the concentration-time 

curves using a cortical-compartment model (13), which has three compartments. In this 

model, the concentration of contrast in renal cortex is related to the arterial input function 

via Eqs. 6 and 7.

[6]

[7]

The AIF in this model is assumed to be delayed and dispersed as the contrast moves from 

the aorta into the arterial space of the kidneys. The model parameters τ and d in Eq. 6 define 

the delay and dispersion constant of the AIF. The ⊗ symbol in this equation denotes the 

convolution operation between the hematocrit corrected AIF and the dispersion function. In 

Eq. 7, vb is the volumetric fraction of the blood vessels in cortex, k21 is the GFR per unit 

volume of cortex, and k12 is the rate of contrast leaving the renal tubules. Model parameters 

k12, k21, vb, τ, and d are all estimated from the dataset using non-linear least squares curve 

fitting.

Since the glomeruli primarily reside in the cortical region of the kidneys and the high spatial 

resolution allows proper segmentation of the cortex from the rest of the parenchyma, the 

kidney concentrations in our analysis are derived from the renal cortex ROIs only. The 

single kidney GFR is calculated by multiplying the glomerular filtration coefficient (k21) by 

the volume of renal cortex (Vcortex). Localized GFR maps are then generated by performing 

the same analysis steps on a voxel-by-voxel basis instead of averaging the signal within an 

ROI in the renal cortex.

High Temporal Resolution AIF Estimation

Accurate estimation of the AIF is important for achieving accurate quantitative analysis 

results (23). The view-sharing (VS) method used in the DISCO reconstruction process 

causes temporal blurring in the images and subsequently in the view-shared AIF (VS-AIF) 

estimate. The accuracy of the estimated AIF curve is worse at time points of the AIF with 

fast dynamics, such as the sharp rise followed by a sharp fall seen around the first pass of 

contrast. In order to reduce this temporal blurring effect, we developed a new post 

processing technique for AIF estimation (Fig. 2).

In this new method, k-space data is acquired using the respiratory-gated DISCO protocol as 

described above. In addition to constructing a full k-space data set using view sharing, the 

samples acquired in each respiratory window are also grouped together (Fig. 2a) to 

reconstruct a high temporal resolution (HTR) dataset (Fig. 2b). Each temporal phase of the 

HTR dataset is reconstructed using only the k-space samples that are acquired in a single 

respiratory interval, and the missing k-space samples are filled with zeros prior to Fourier 
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transform reconstruction. The reconstructed HTR images corresponding to the phases where 

an A region is collected have only the low spatial frequency components (i.e. blurred image) 

and those corresponding to the B regions have only the high spatial frequency components 

(i.e. edges). The basic idea is that if arterial signal intensity varies over time, this intensity 

variation can be observed in both low and high spatial frequency images. An AIF curve is 

estimated from these HTR images using the post-processing steps described below.

Since HTR images reconstructed from different sampling patterns (A, B1
1, B1

2 etc.) have 

different energies and aliasing patterns, images are split into groups based on their 

acquisition sampling patterns. Then, a large ROI is drawn over the aorta on the HTR images 

and the average signal intensity within this ROI is calculated for each temporal phase using 

a fixed fraction (α) of the voxels. The subsets of voxels used in the extraction of the signal 

intensity are chosen as the top α fraction, typically 0.25, of the aortic ROI voxels that 

enhance the most and they are determined for each group of images separately. The reason 

for this thresholding is to select the voxels that have the highest arterial signal, which in turn 

minimizes the contribution of aliasing from the surrounding tissue. Once the average signal 

intensity curve of the HTR dataset (Shtr) is determined, the concentration of the contrast 

agent is estimated by calculating the signal change (ΔShtr) for each group separately and 

then combining them based on their acquisition time using Eqs. 8 and 9 (Fig. 2c).

[8]

[9]

where G is the set of image groups {A, B1
1, B1

2, …}, 1group(t) is an indicator function that 

shows which group each time point belongs to, and  is the pre-contrast signal 

intensity for the specified group. Calculating the signal change for each group separately is 

critical because there is a large scaling difference in signal intensities of different groups due 

to the different energy distribution in different parts of k-space, which is object dependent.

The resulting concentration curve is normalized and scaled using the tail section of the VS-

AIF as a reference (Fig. 2d). For simplicity, the tail section is defined from the peak time of 

the VS-AIF to the end (Eq. 10). Since there is little fluctuation in the AIF after the first pass 

peak, it is assumed that view sharing does not affect the accuracy of the tail section. This 

normalization is performed by applying a scaling factor to each group of samples (Eq. 12). 

The scaling factors are chosen to minimize the least squares error shown in Eq. 11 between 

the scaled values and the corresponding VS-AIF samples. After the normalization, the 

samples from different groups end up having comparable scales despite each of them 

originating from images with different energies and aliasing patterns.
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[10]

[11]

[12]

where Egroup is the error term that is minimized,  is the AIF determined from view-

shared images, kgroup is the scaling factor for the given group and  is the normalized 

signal change curve.

The normalized signal change curve obtained in the previous step is usually noisy and needs 

to be denoised before it could be used in the quantitative analysis. The final HTR-AIF curve 

is obtained by applying a quadratic local regression smoothing (LOESS) (24) to the 

normalized signal change curve calculated in the previous step (Fig. 2e).

[13]

The smoothing parameter αL of the loess function in Eq. 13 defines the window length for 

smoothing and it is empirically chosen to fit at least 12 samples inside the smoothing 

window to get an accurate HTR-AIF estimate ( ). The parameter αL typically varied 

between 0.1 and 0.2 depending on the number of temporal phases acquired during a scan.

Digital Phantom

Validation of new DCE-MRI methods on human subjects is quite challenging because there 

are no easily obtainable “ground truth” measurements. Nuclear scintigraphic methods are 

considered standard of clinical practice, but are an imperfect gold standard. Additionally, at 

our practice, pediatric patients are referred for MRI specifically to avoid ionizing radiation, 

so obtaining nuclear scintigraphic estimates of GFR in our practice is not feasible. As an 

alternative, digital phantom simulations have been used as a validation technique for DCE-

MRI methods (21). Here, we take a similar approach to validate the HTR-AIF analysis.

A digital phantom was created in MATLAB (MathWorks, Natick, MA) based on actual MR 

images of a pediatric patient, thus achieving realistic renal and background signal 

enhancement. An existing DCE-MRI dataset (fA = 0.1, M = 3, S = 3) of a 6-year-old patient 

was used as an anatomical reference for the digital phantom. The renal cortex and medulla 

of both kidneys as well as the aorta were segmented to define the controlled regions of 

interest. The dataset was interpolated to one-second temporal resolution and the signal 

intensities in these ROIs are modulated to match desired signal enhancement curves for each 

region. The enhancement curve of the aorta, or the simulated AIF, was based on a healthy 

subject’s AIF obtained from an existing dataset with 4s temporal resolution acquired using a 

free-breathing DCE-MRI method (25). The AIF curve is parameterized using a double-

Yoruk et al. Page 7

Magn Reson Med. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gaussian-plus-exponential model (26) and interpolated to 1s temporal resolution. 

Enhancement curves of the renal cortex and renal medulla are derived from the 

parameterized AIF using a 3-compartment model (k21 = GFR/Vcortex, k12 = 1.5, vb = 0.35) 

(13). The finalized digital phantom as a 4 dimensional (4D) dataset will be available online 

at mridata.org.

Digital Phantom Simulations

The HTR-AIF analysis method was validated on a set of digital phantoms with single kidney 

GFR values ranging from 20 mL/min to 80 mL/min. For each GFR value, a digital phantom 

dataset was created as described earlier. The data acquisition was simulated by sampling this 

digital phantom in the frequency domain using the respiratory gated DISCO method (fA = 

0.1, M = 3, S = 3) at a respiratory rate of 20 min−1 with a duty cycle of ⅓. Following the 

data acquisition step, 2 different sets of images were reconstructed: view-shared images and 

HTR images. View-shared images were used to extract the VS-AIF ( ) and the renal 

cortex enhancement curve ( ). HTR images were used to extract the HTR-AIF 

( ). Quantitative analysis was performed on the renal cortex enhancement curve using 

each AIF separately to get the GFR estimates for each method. The estimated GFR values 

were compared to the simulated GFR value and the percent error was calculated for both 

methods, VS and HTR.

In an actual patient acquisition, the relative timing of the contrast arrival is an unknown and 

it is not possible to know whether an A region or a B region was acquired during the first 

pass of the AIF. Furthermore, the acquisition pauses during the inspiratory phase of 

respiration, and the relative timing of these pauses are also not known a priori. To account 

for this variability, in the simulations, the sampling pattern and respiratory pauses need to be 

distributed evenly over time. The acquisition, reconstruction and analysis steps described 

above are repeated with 12 different start times, each successively delayed by 1 second.

Clinical Feasibility

With IRB approval and waived consent, we retrospectively identified three pediatric patients 

(ages 5, 9 and 17) who had MR urography and were scanned with the respiratory gated 

DISCO protocol. First, acquired datasets were reconstructed with view-sharing and 

quantitatively analyzed using the cortical-compartment model. Then, the HTR-AIF curves 

were estimated using the method and used in quantitative analysis. The analysis results 

generated using VS-AIF were compared to the results generated using HTR-AIF and the 

impact of the HTR-AIF on the GFR estimates was assessed. In addition, voxel-by-voxel 

GFR maps were calculated using both methods to observe any differences in regional GFR 

estimates.

The clinical scans were performed on a 3T MR750 scanner (GE Healthcare, Waukesha, WI) 

using a 32-channel torso coil. Patients underwent intravenous hydration with 20 mL/kg 

normal saline bolus prior to the scan and diuresis with 1 mg/kg furosemide. The imaging 

protocol was respiratory gated DISCO (fA = 0.1, M = 3, S = 2 for the 9-year-old subject and 

S = 3 for the other subjects) with 12° flip angle, +/−167 kHz bandwidth, repetition time (TR) 

of 3.9 ms, bipolar readout with 1.1ms (out-of-phase) and 2.2ms (in-phase) echo time (TE), 
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matrix size 256 × 200, FOV 28 cm, 34 slices, slice thickness 2.6 mm, and 2.5X 

Autocalibrating Reconstruction for Cartesian (ARC) imaging acceleration. View-shared 

images are reconstructed using ARC while high temporal resolution images are 

reconstructed using zero filling and a sum-of-squares coil combination. The subjects were 

injected intravenously with 0.03 mL/kg gadobutrol diluted in saline to a volume of 10 mL 

and injected at a rate of 0.3 mL/s followed by 20 mL saline flush at the same rate. 

Segmentation of the datasets was performed by trained post-processing technologists. The 

reconstruction time of the HTR-AIF dataset for a typical scan of 166 temporal phases was 

35 minutes on a single core of a 32-core 2.6 GHz CPU running MATLAB (MathWorks, 

Natick, MA).

Results

Digital Phantom

The digital phantom created for the HTR validation experiment is shown in Fig. 3 along 

with the signal intensity curves of aorta and renal cortex. The phantom has high 

spatiotemporal resolution signal changes (spatial = 1.1×1.1×3.4mm3, temporal = 1s) and 

realistic contrast enhancement profiles. The cortical enhancement curves and the AIF are 

related through a pharmacokinetic model with known parameters that can be used as the 

ground truth for quantitative analysis. In addition, the dynamic background signal is retained 

from the reference dataset. Hence, the signal intensity of the background also varies over 

time to model in vivo conditions better.

Digital Phantom Simulations

AIF curves estimated by the high temporal resolution method and the view-sharing method 

are compared to the true AIF of the phantom in Fig. 4a. The root mean square error (RMSE) 

of the AIF estimation averaged over 12 curves is 0.2059 using the VS method and 0.0932 

using the HTR method. This difference in the estimation errors propagates to the GFR 

estimates through quantitative analysis. The median GFR estimation errors obtained from 

quantitative analysis using HTR-AIF and VS-AIF are shown in Fig. 4b. This estimation 

error is smaller when the HTR-AIF curve is used in the analysis as opposed to the VS-AIF. 

The percent deviation from the true GFR of the digital phantom decreases as the true GFR 

value increases. In the case of HTR-AIF, the GFR estimation error is less than 10% when 

the true GFR is above 30 mL/min. The simulated GFR value was overestimated by the 

HTR-AIF method and underestimated by the VS-AIF method.

Clinical Feasibility

A set of time-series images reconstructed from the navigated DISCO data of the 5-year-old 

patient is shown in Fig. 5. Diagnostic image quality and the lack of motion artifacts can be 

seen here, providing evidence of efficacy of the motion artifact mitigation strategy. In this 

case as well as the other two cases, segmentation of the renal cortices was easily achieved. 

The temporal resolution and footprint were 12s and 33s, respectively, with a 

1.1×1.1×2.7mm3 spatial resolution. Key phases of renal enhancement such as pre-contrast, 

cortical enhancement, medullary enhancement, and excretory phases are clearly identifiable. 

In addition, the spatial resolution is high enough to differentiate between the medullary and 
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cortical regions of the kidneys, which is particularly useful for the segmentation of the renal 

cortex. The use of Dixon fat-water separation also enabled the creation of water-only 

maximum intensity projection (MIP) images for visualization of the arterial and 

angiographic phases. A MIP of the temporal phase of 24s (2nd post-contrast phase) clearly 

shows the enhancing arteries and early medullary enhancement, highlighting the high 

temporal resolution and also providing an angiographic phase.

High temporal resolution analysis of the aortic input function was performed on 3 patients 

and the resulting HTR-AIF curves are shown in Fig. 6 along with the VS-AIF curves. Both 

AIF estimates were used in quantitative analysis and the resulting GFR estimates are shown 

in Table 1. In the case of the 5 and 17 year-old subjects, who were scanned at a temporal 

resolution of 12s (fA = 0.1, M = 3, S = 3), the total GFR estimates with VS-AIF method 

were lower than the estimates with HTR-AIF method by 25% and 42%, respectively. In the 

case of the 9 year-old subject who had a higher temporal resolution scan at 9s (fA = 0.1, M = 

3, S = 2), the estimations were closer with the VS-AIF method estimating 13% lower values 

than the HTR-AIF method. The GFR estimates in all cases were higher when the HTR-AIF 

estimate was used as the aortic input function. The 17 year-old subject, who had the biggest 

change in GFR, had a cortical signal curve that dropped quickly after the initial rise whereas 

the cortical signal in other subjects dropped slowly (Sub. Fig. 1). Voxel-by-voxel GFR maps 

for both HTR-AIF and VS-AIF methods are shown in Fig. 7. Although the range of values 

was identical for both methods, the maps generated using the HTR-AIF method showed 

smoother transition from high GFR to low GFR regions of the renal cortex.

Discussion and Conclusions

In this work, we have demonstrated a method for respiratory-gated dynamic acquisitions 

with high spatiotemporal resolution, and combined it with a new method for estimating the 

AIF at a higher temporal resolution than the temporal resolution of the reconstructed images. 

We also demonstrated feasibility of obtaining good image quality with the method. Direct 

clinical validation of the quantitative accuracy of this new method in vivo is quite 

challenging due to the dynamic nature of the arterial flow. It is possible to acquire an 

additional dataset using a high temporal, low spatial resolution technique on the same 

patient to verify the accuracy of our HTR-AIF estimate, but this would involve multiple 

contrast injections separated by sufficient time to permit full clearance of the first injection. 

Even if we could inject the same patient twice, there is no guarantee that the arterial 

responses will be the same because AIF depends on multiple factors such as patient heart 

rate, positioning and resistance of the intravenous catheter, and the level of existing contrast 

agent in the blood from the previous scan. Hence, we designed a realistic digital phantom for 

the validation our new technique. The digital phantom simulations accounted for the 

patient’s respiration by pausing the data acquisition between end-expiratory phases. 

However, the patient motion from one respiratory cycle to another was ignored. In an actual 

scan, the respiratory pattern may change over time and the acquired images may shift in 

position adding extra error to the measurements or requiring an additional image registration 

step. Since all cases in this study were navigator gated and, hence, motion free, no image 

registration was performed.
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Quantitative DCE-MRI analysis in pediatric patients is quite challenging due to high spatio-

temporal requirements and lack of cooperation from the scan subjects for breath holding. 

Respiratory gating allows the subjects to breathe freely during the scan, but has adverse 

effects on the temporal resolution and the temporal footprint when using conventional 

sequences. The use of DISCO enabled us to achieve high spatio-temporal resolution even 

with the use of respiratory gating. Although the temporal resolution is sufficient for 

qualitative evaluation of renal function, as seen in Fig. 5, the simulation results in Fig. 4 

indicate that respiratory-gated DISCO alone is insufficient for quantitative assessment. In 

this study, a slow contrast agent injection rate of 0.3 mL/s was used in order to avoid the 

non-linearity in the signal caused by T2* decay at high gadolinium concentrations. Even 

with this slow injection protocol, the injection duration of 33 s was comparable to the 12 s 

temporal resolution and 36 s temporal footprint of our acquisition and reconstruction 

scheme.

We have attempted to mitigate the adverse temporal effects of respiratory gating by 

improving the temporal resolution of the AIF. The simulation results show that the proposed 

HTR-AIF method yields more accurate AIF estimates than the existing view-sharing 

method. The RMS error of the estimated AIF curves is reduced by 55% with HTR-AIF over 

VS-AIF. Furthermore, by using these AIFs in the cortical-compartment model, we have 

shown that GFR estimation accuracy also improved with the HTR-AIF. The median GFR 

estimation error using HTR-AIF is less than 10% when the simulated GFR is above 27 ml/

min. In comparison, for the same range of simulated GFR values the median estimation 

error with VS-AIF is between 32% and 17%. These results indicate that although the 

respiratory-gated DISCO alone does not have sufficient temporal performance for 

quantitative analysis, acceptably accurate GFR estimates can be achieved when it is 

combined with the HTR-AIF method.

The HTR-AIF estimates shown in Fig. 6 are obtained by analyzing the datasets of clinical 

subjects. In all cases, the first-pass peak of HTR-AIF is higher than the VS-AIF, as predicted 

by the digital phantom simulations. The simulation results in Fig. 4a show that the view-

sharing method causes temporal blurring, which leads to the underestimation of the first-

pass peak. In addition, the simulation results show that HTR-AIF is not only higher in this 

region but also more accurate. The 3-compartment model used in this study splits the 

cortical concentration curve into two components: arterial and tubular components. In this 

model, underestimation of the main AIF peak often leads to underestimation of the GFR. 

This is caused by the fact that the initial signal rise in the cortex is mostly explained by the 

arterial signal rise. In order to fit the underestimated arterial peak to the observed cortex 

signal, the model has to assume a higher blood fraction in the cortex. This artificially 

increases the weight of the arterial component and reduces the tubular component. Reduced 

tubular component leads to reduced GFR estimates. This effect was observed in the cortical-

compartment model fits of the subjects (Sup. Fig. 1). Quantitative analysis results in patients 

(Table 1) show that the differences in the first-pass peak region of the AIF estimation may 

have significant effects on the quantitative analysis results. These differences were predicted 

by our phantom simulations, and the proposed HTR-AIF method was shown to reduce the 

GFR estimation errors as seen in Fig. 4b.
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The relation between SI and concentration in spoiled gradient echo (SPGR) sequences, such 

as DISCO, is defined by a non-linear equation (Eq. 4). The concentration of the contrast 

agent in this study is estimated using the T1 values of blood and kidney tissue reported in 

literature (11). However, the actual T1 values of the subjects may slightly deviate from the 

reported values. T1 mapping for each subject may improve the accuracy of the concentration 

estimates, which in turn may improve the results of the quantitative analysis.

The HTR-AIF smoothing was performed using LOESS method. LOESS smoothing was a 

suitable choice for this problem, as it does not require a function to model the whole AIF 

data. Instead, the method fits second-degree polynomials to local regions of the curve to 

perform smoothing and the smoothing factor αL determines the width of these local regions. 

There are other options such as weighted moving average filtering that also does not require 

an underlying model. However, weighted moving average filtering is same as LOESS with 

zero-degree polynomials and it often does not perform as well as higher-degree polynomial 

fitting.

The approach we used here is not limited to the DISCO sequence. The HTR-AIF method 

can be directly applied to similar sequences that rely on view sharing for reconstruction such 

as TWIST, CAPR and TRICKS. In DISCO and TWIST, the temporal resolution of the HTR 

image is limited by the respiratory rate of the subject because no data is collected between 

end-expiratory phases. Recently, other high-spatiotemporal-resolution DCE-MRI sequences 

based on radially-ordered Cartesian k-space sampling have been described and demonstrated 

for free-breathing pediatric abdominal MRI (25), and further combined with intrinsic 

navigation to improve the scan efficiency by employing soft gating in the reconstruction 

phase (20). One advantage of these approaches is that the data acquisition does not pause for 

respiration and the extra data collected could be used to improve the temporal resolution of 

the HTR-AIF further.

The HTR-AIF technique may be improved further by using compressed sensing 

reconstruction instead of a zero-filled inverse Fourier transform reconstruction. Zero filling 

missing k-space samples causes aliasing in the image domain. The effect of this aliasing is 

reduced by the normalization and local regression steps of the HTR-AIF analysis. 

Compressed sensing may provide results that are more robust by reducing the aliasing 

before performing the steps described in methods but at the cost of increased reconstruction 

time and memory requirements. Aliasing reduction in the original image may also reduce 

the sensitivity to the thresholding factor α although the simulations already indicate a low 

sensitivity to this factor. For GFR values above 50 ml/min the method is not affected by the 

choice of α. For low GFR values, choosing smaller values of α yield slightly better 

estimation errors (Sup. Fig. 2).

In conclusion, we have developed a new technique for pediatric MR urography by 

incorporating respiratory gating to a view-shared high-spatiotemporal-resolution sequence, 

and mitigated the adverse temporal effects of respiratory gating by improving the temporal 

resolution of the AIF in post-processing. We have validated this new technique using digital 

phantom simulations and demonstrated it on clinical cases. Although our demonstration was 

limited to MR urography cases, we believe that the presented work can also be adapted for 
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other quantitative analysis applications that make use of an AIF such as pharmacokinetic 

modeling in oncology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
DISCO sampling pattern (fA = 0.1, M = 3, S = 3) and timing of acquisition assuming a 

respiratory rate of 20 breaths/min with end-expiratory phase lasting 1s at each cycle. Each 

sub-region of B is represented with Bm
s where the subscript “m” denotes the pseudo-

randomly subsampled regions (m = 1 to M), which are also color coded in the figure, and 

superscript “s” denotes the annular sub-regions (s = 1 to S).
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FIG. 2. 
Flowchart of HTR-AIF analysis: K-space samples from the same respiratory cycle are 

grouped together (a). Volumetric images are reconstructed from each group of samples to 

form the HTR dataset (b). Signal change within the aorta is calculated (c). The dashed line 

marks the peak time of the VS-AIF curve (blue), which marks the start of the tail section. 

The signal change curve (red) is normalized using the tail section of the VS-AIF curve as a 

reference (d). The data points corresponding to A regions in (c) and (d) are marked with 

black markers as a reference to demonstrate the scaling differences between different 

groups. The final HTR-AIF estimate is obtained by applying local regression to the 

normalized signal change (e). Depending on the timing and the temporal dynamics of the 

true AIF, the HTR-AIF and VS-AIF estimates may give different peak heights and times.
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FIG. 3. 
Digital phantom at (a) pre-contrast, (b) cortical enhancement and (c) medullary 

enhancement phases. (d) The simulated AIF and cortical enhancement curves (20 mL/min to 

80 mL/min single kidney GFR).
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FIG. 4. 
Digital phantom simulation results: (a) The HTR-AIF and VS-AIF estimates are compared 

to the true AIF of the phantom (only one of the 12 curves shown), (b) median GFR 

estimation errors obtained from the quantitative analysis of the simulated phantoms using 

HTR-AIF and VS-AIF methods.
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FIG. 5. 
Selected slices from pre-contrast (a) and post-contrast (b, d, e) images of the 5-year-old 

patient show different stages of contrast enhancement in kidneys. Maximum intensity 

projection (c) reveals arteries during the arterial enhancement phase. Panel (f) shows the 

segmentation map of the kidneys, which is needed for quantitative analysis.
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FIG. 6. 
HTR-AIF and VS-AIF estimates for the 3 clinical cases (a) 5 year old (b) 9 year old (c) 17 

year old.
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FIG. 7. 
GFR Maps of 5-year-old (a–b), 9-year-old (c–d) and 17-year-old (e–f) subjects calculated 

using VS-AIF (left column) and HTR-AIF (right column). The reported values are GFR per 

mL of tissue (k21).
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Table 1

MRU quantitative analysis results of the clinical subjects. Reported GFR values are corrected for body surface 

area (BSA).

Patient Kidney Vcortex (mL) GFR with VS-AIF (mL/min/1.73m2) GFR with HTR-AIF (mL/min/1.73m2)

5 year old
Left 70 31 42

Right 22 17 22

9 year old
Left 44 11 12

Right 74 43 50

17 year old
Left 79 18 28

Right 65 20 37
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