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image contrast and quality and can partially 
explain some irreproducibility in DCE-MRI 
studies [5].

An optimal MR renography acquisition 
technique involves finding a good compro-
mise between whole-kidney coverage (i.e., 
3D imaging), spatial and temporal resolu-
tion, and contrast resolution [6–8]. For dy-
namic renal studies, the two most relevant 
sampling schemes are a conventional car-
tesian scheme, covering k-space with a reg-
ularly spaced grid, and a radial scheme, 
whereby k-space data are acquired along co-
inciding projections [6]. Radial schemes can 
improve the quality of image data compared 
with conventional schemes by allowing more 
rapid sampling and being less affected by 
motion due to repetitive sampling of the cen-
tral k-space region [9]. However, in rapid ac-
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I
n dynamic contrast-enhanced 
(DCE) MR renography, accurate 
quantification of renal functional 
parameters requires a high-quali-

ty image acquisition technique and proper 
postprocessing. Although realistic normal 
values for renal function derived from MR re-
nography have been reported [1], the method 
has been questioned because of a lack of doc-
umentation of accuracy and reproducibility 
compared with a reference standard method 
[2–4]. The origin of potential irreproducibili-
ty between functional parameters could lie 
anywhere in the pipeline, from data acquisi-
tion and motion correction to analysis.

A lack of consensus and great heterogene-
ity in terms of acquisition strategy character-
ize the MR renography research field [5–7]. 
The MR sequence parameters influence both 

Keywords: dynamic contrast-enhanced MRI, image 
quality, MR renography, radial MRI, renal function

DOI:10.2214/AJR.14.13226

Received May 21, 2014; accepted after revision 
July 18, 2014.

Eli Eikefjord’s PhD work is currently being funded by a 
grant from the Regional Health Authority of Western 
Norway (Helse-Vest). The Department of Radiology, 
Haukeland University Hospital, has an ongoing research 
agreement with Siemens Healthcare. Siemens 
Healthcare provided a prototype MRI pulse sequence 
(KWIC) that has been studied in our project.

OBJECTIVE. The purpose of this article is to compare two 3D dynamic contrast-en-
hanced (DCE) MRI measurement techniques for MR renography, a radial k-space weighted 
image contrast (KWIC) sequence and a cartesian FLASH sequence, in terms of intrasubject 
differences in estimates of renal functional parameters and image quality characteristics.

SUBJECTS AND METHODS. Ten healthy volunteers underwent repeated breath-hold 
KWIC and FLASH sequence examinations with temporal resolutions of 2.5 and 2.8 seconds, 
respectively. A two-compartment model was used to estimate MRI-derived perfusion param-
eters and glomerular filtration rate (GFR). The latter was compared with the iohexol GFR and 
the estimated GFR. Image quality was assessed using a visual grading characteristic analysis 
of relevant image quality criteria and signal-to-noise ratio calculations.

RESULTS. Perfusion estimates from FLASH were closer to literature reference values 
than were the KWIC sequences. In relation to the iohexol GFR (mean [± SD], 103 ± 11 mL/
min/1.73 m2), KWIC produced significant underestimations and larger bias in GFR values 
(mean, 70 ± 30 mL/min/1.73 m2; bias = −33.2 mL/min/1.73 m2) compared with the FLASH 
GFR (110 ± 29 mL/min/1.73 m2; bias = 6.4 mL/min/1.73 m2). KWIC was statistically signifi-
cantly (p < 0.005) more impaired by artifacts than was FLASH (AUC = 0.18). The average 
signal-enhancement ratio (delta ratio) in the cortex was significantly lower for KWIC (delta 
ratio = 0.99) than for FLASH (delta ratio = 1.40). Other visually graded image quality charac-
teristics and signal-to-noise ratio measurements were not statistically significantly different.

CONCLUSION. Using the same postprocessing scheme and pharmacokinetic model, 
FLASH produced more accurate perfusion and filtration parameters than did KWIC com-
pared with clinical reference methods. Our data suggest an apparent relationship between 
image quality characteristics and the degree of stability in the numeric model-based renal 
function estimates.

Eikefjord et al.
Renal 3D DCE-MRI Using FLASH and KWIC
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quisition techniques, the image quality can 
be impaired by different artifacts, potential-
ly affecting data analysis and the shape of 
enhancement curves [7].

In this study, we optimized two 3D 
spoiled gradient-recalled echo (SPGR) 
pulse sequences: a radial k-space sampling 
technique with k-space weighted image 
contrast (KWIC) reconstruction, and a con-
ventional cartesian phase-encoding FLASH 
sequence. The use of radial sequences has 
been shown to be feasible in several DCE-
MRI studies of abdominal organs and the 
chest [7, 9–12]. The FLASH sequence has 
been used in MR renography studies by Bo-
kacheva et al. [13] and Lee et al. [14]. Both 
acquisition techniques were adapted on our 
1.5-T MRI scanner used in routine clini-
cal procedures and were analyzed using the 
same postprocessing scheme.

The purpose of this study was to com-
pare the radial (KWIC) and conventional 
(FLASH) 3D SPGR sequences with respect to 
the estimation of renal functional parameters 
and image quality characteristics in a sample 
of healthy volunteers without renal disease.

Subjects and Methods
Subjects

After institutional review board approval of 
the protocol and receipt of informed consent, 10 
healthy volunteers (four men and six women; age 
range, 21–27 years; mean [± SD] age, 23.5 ± 3.5 
years), were included in the study. All subjects met 
the requirements of the local MRI safety checklist 
before scanning. Within a span of 10 days, each 
volunteer was examined by two blood tests, esti-
mated glomerular filtration rate (GFR) from se-
rum creatinine using the simplified Modification 
of Diet in Renal Disease equation [15] and iohex-
ol GFR [16], and each of the two DCE-MRI se-
quences (7 days apart). Estimated GFR measure-
ments were performed before MRI examinations, 
and iohexol GFR measurements were performed 
between the two MRI studies.

To minimize day-to-day variations in serum 
creatinine levels, the participants were asked to 
lightly modify their diet, remain well hydrated, 
and avoid strong physical effort the last 2 days be-
fore the MRI scanning and blood tests. The par-
ticipants were asked to copy their own regimen 
before each session. The erythrocyte volume frac-
tion was also estimated from blood tests. Iohexol 
GFR measurements were performed by injecting 
5.0 mL of iohexol (300 mg I/mL; Omnipaque 300, 
GE Healthcare). This was followed by a venous 
blood sample obtained after 4 hours. The iohexol 
concentration was analyzed using the single-point 

method (high-performance liquid chromatogra-
phy analysis) and was calculated using methods 
described by Jacobsson [17].

None of the study subjects used medication or 
had a history of renal, hypertensive, or vascular 
disease, and they had normal levels of serum cre-
atinine (51–87 μmol/L). The average body mass 
index (weight in kilograms divided by the square 
of height in meters) was 23.4 ± 2.45.

MRI
MRI examinations (n = 20) were performed on 

a 32-channel 1.5-T whole-body scanner (Magne-
tom Avanto, Siemens Healthcare) with a gradient 
strength of 45 mT/m and a slew rate of 200 mT/m/
ms. One standard six-channel body matrix coil 
and table-mounted six-channel spine matrix coil 
were used for signal reception, for a total of 12 in-
dependent receiver elements.

The radial SPGR (KWIC) was a prototype se-
quence provided by Siemens Healthcare. The pa-
rameters of the KWIC sequence were optimized in 
a similar way to FLASH to best meet the theoret-
ic requirements for an optimal MR renography se-
quence. FLASH parameters were as follows: TR/
TE, 2.41/0.87; flip angle, 12°; bandwidth, 651 Hz/
pixel; matrix, 1.66 × 1.66 mm; slice thickness, 3 
mm; and time resolution, 2.8 seconds. KWIC pa-
rameters were as follows: TR/TE, 3.51/1.61; flip an-
gle, 10°; bandwidth, 504 Hz/pixel; matrix, 160 × 160 
mm; slice thickness, 3 mm; and time resolution, 2.5 
seconds. Thus, it was mainly the acquisition scheme 
(how the data were sampled in k-space) that differed 
between the two measurement techniques (i.e., a car-
tesian and radial scheme, respectively).

Both sequences were run continuously, and 
baseline volumes were acquired before contrast 
agent injection. The FLASH sequence was run 
with a parallel imaging factor of 3. Despite the 
present radial KWIC sequence not allowing any 
parallel imaging, running the sequence with 148 
projection views and view sharing in four sub-
frames yielded temporal and spatial resolution 
close to that of the FLASH sequence.

The volunteers were instructed by listening to 
a CD player to hold their breath at predefined in-
tervals during continuous DCE scanning. Volumes 
within the corresponding free-breathing intervals 
were retrospectively and objectively discarded from 
the image-time series using in-house software. In 
total, 56 (initially 156 volumes) and 55 (initially 
134 volumes) breath-hold volumes were kept and 
analyzed for KWIC and FLASH, respectively.

A contrast media bolus of 0.025 mmol/kg (0.05 
mL/kg) of gadoterate meglumine (Dotarem, Guer-
bet) was injected at 3 mL/s through a 20-gauge 
needle placed in an antecubital vein using an au-
tomated power injector (Optistar, Mallinckrodt), 

followed by a 20-mL saline flush. Throughout the 
examination, the volunteers were provided with 1 
L of oxygen through a nasal cannula. Two seconds 
after injection of the contrast agent, the volunteers 
were instructed to hold their breath for 26 and 20 
seconds for motion-free FLASH and KWIC imag-
ing of first-pass perfusion, respectively.

The order of FLASH or KWIC for each subject 
was randomized (50/50) to avoid any systematic 
learning effect of breathing technique or sequen-
tial adaption to the MRI examination procedure 
that could potentially favor either of the two se-
quences. All MRI examinations and blood tests 
were successfully acquired and analyzed.

MR Image Postprocessing
A nonparametric automated registration method 

with normalized gradients as a cost function was 
used for kidney motion correction [18, 19]. Brief-
ly, we applied the Navier-Lamé operator as regu-
larizer, fixing the first and the second Lamé pa-
rameters to 5. Optimization of the corresponding 
nonlinear system was accomplished by fixed-point 
iterations, in combination with Jacobi iterations for 
the inner linear system. An automated regularized 
segmentation technique was used to estimate total 
kidney volumes [20]. This segmentation approach 
was based on Mahalanobis distance measurements 
from an unclassified voxel to a manually delineat-
ed mask, roughly defining kidney and background. 
The regularization was accomplished by minimiz-
ing the nonlocal total variation, allowing some lev-
el of irregular shapes of masks.

Tissue relaxivity values were estimated by a vox-
elwise linear fit to the steady-state signal amplitude 
equation for given values of the flip angle [21]. At 
each MRI session, the variable flip angle signal in-
tensities were acquired using two 3D FLASH acqui-
sitions identical to the dynamic 3D FLASH, with a 
TR of 20 ms and flip angles of 5° and 22°, respec-
tively. The flip angle acquisitions were retrospective-
ly coregistered with the 3D DCE-MRI recordings. 
The gadolinium concentration time course was esti-
mated from the linear relations between signal inten-
sity, relaxation rate, and relaxivity that are valid for 
low concentrations of gadolinium [22, 23]. For the 
calculation of perfusion and GFR values, we used a 
two-compartment model [24, 25].

Perfusion and Filtration Data Analyses
An ROI-based two-compartment model, as de-

scribed by Sourbron et al. [24] and implemented in 
Matlab software (version R2014a, MathWorks), was 
used to calculate plasma flow, plasma volume, plas-
ma mean transit time, tubular flow, and tubular mean 
transit time. All measurements were corrected for 
the subjects’ measured erythrocyte volume fraction 
values. The total GFR was calculated from tubular 
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flow in the whole-kidney ROI, multiplied by whole-
kidney volume, and summed for both kidneys. ROIs 
for the arterial input function (AIF) were placed in 
the distal part of the aorta to avoid the remaining ef-
fects from inflow artifacts observed more proximal-
ly in the aorta. Illustrations of AIF and whole-kidney 
masks and corresponding signal and concentration 
time courses are provided in Figure 1.

Visual Image Quality Assessment
Four experienced (> 10 years of experience) ab-

dominal radiologists performed, independently and 
blinded, a visual grading characteristics analysis of 
19 image quality parameters. In the visual grading 
characteristic analysis, the observers were asked to 
rate their opinion on the reproduction or visibility of 
certain structures and dynamics on a 5-point scale. 
For grading of the anatomic reproduction, the fol-
lowing criteria were used: 1, uninterpretable (severe 
blurring or severe nonhomogeneity); 2, poor (sub-
stantial blurring or substantial nonhomogeneity); 3, 
fair (moderate blurring or moderate homogeneity); 
4, good (minor blurring or good homogeneity); and 
5, very good (sharp or very good homogeneity). The 
criteria for the presence of artifacts were as follows: 
1, uninterpretable (because of artifacts); 2, substan-
tial artifacts; 3, moderate artifacts; 4, minor arti-
facts; and 5, no artifacts. Overall image quality char-
acteristics were rated as follows: 1, uninterpretable 
(nondiagnostic); 2, poor (nondiagnostic); 3, fair (di-
agnostic); 4, good (diagnostic); and 5, very good (di-
agnostic). The ratings were further analyzed in a 
manner similar to the methods used in an ROC anal-
ysis, yielding visual grading characteristic-curves 
and AUC statistics [26]. All observer analyses and 
rating were performed electronically using View-
DEX, open-source software that was developed for 
observer performance studies [27].

The image quality parameters were formulated 
to capture the image quality challenges in MR re-
nography. The image quality parameters were cate-
gorized into four groups: group 1, sharp and homo-
geneous reproduction of juxtarenal aorta and distal 
aorta in unenhanced and contrast-enhanced im-
ages (four parameters); group 2, sharp and homo-
geneous reproduction of renal cortex and medulla 
in the unenhanced volumes and the corticomedul-
lary differentiation in the contrast-enhanced imag-
es (three parameters in total; sharpness was defined 
as the degree of blurring in the contours of the rel-
evant structures, and homogeneity was defined as 
the degree of regular, even, or smooth distribution 
of intensity values within the relevant structure); 
group 3, the presence of artifacts such as inflow, 
motion, susceptibility, chemical shift, streaking, 
and in-folding (eight parameters; the severity of ar-
tifacts was rated with regard to their influence on 
image interpretation of renal structures); and group 

4, overall image quality characteristics (four pa-
rameters, relating to the observers’ general impres-
sion of image quality with respect to noise, renal 
contrast-enhancement dynamics, visualization of 
renal pelvis, and overall image quality).

Signal-to-Noise Ratio Measurements
Signal-to-noise ratio (SNR) measurements 

were performed using the difference method de-

scribed by Dietrich et al. [28] on coregistered im-
ages. The SNR difference method removes the 
problem of inhomogeneous distribution of noise 
with parallel imaging and is also valid in dynam-
ic imaging [29]. The SNR difference method is 
based on the assumption of a gaussian noise distri-
bution (SD) within an ROI in the difference image 
when the ROI is positioned in tissue with a suffi-
ciently high SNR [28]. This assumption appears 

Fig. 1—22-year-old woman. Placement of arterial input function (AIF, red areas) (top left) and whole-kidney 
mask (top right) in selected midcoronal slices is shown. Corresponding signal intensity (middle panels) and 
concentration time courses (bottom panels) are also shown. KWIC = k-space weighted image contrast.
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to be valid also for our view-sharing data. In this 
setting, the SNR was calculated with respect to 
aligned ROIs in the two input images as follows:

SNR = 
1
2
msum
sdiff

where, msum is the mean value within the ROI of 
the pixelwise summed signal intensities in the in-
put images, and Sdiff is the SD within the ROI of 
the signal difference between the two input images.

SNR was calculated in both the unenhanced 
(baseline) and maximum contrast-enhanced (peak) 
renal cortex and aorta. Two baseline images were 
selected from the midcoronal organ plane, one af-
ter signal saturation and the other before the arrival 
of the contrast agent. ROIs were drawn in the renal 
cortex and in the aorta and were copied to their re-
spective difference image and the summed image. 
The SD of the renal cortex ROI and aorta ROI from 
the difference images were used as image noise. 
The mean signal intensity in each ROI was corre-
spondingly used as the image signal for baseline 
cortex and aorta. For the peak SNR calculations, 
the same ROIs and methods were applied to the two 
images at maximum enhancement in the renal cor-
tex and aorta, respectively.

The delta ratio between the baseline SNR 
(SNRbaseline) and the peak SNR (SNRpeak) of the 
aorta and the renal cortex was further computed 
as follows: delta ratio = (SNRpeak − SNRbaseline) / 
SNRbaseline, as described by Michaely et al. [29] 
to compare the relative contrast enhancement be-
tween the two MR sequences.

Statistical Analyses
Statistical analyses were performed in SPSS (ver-

sion 21, IBM), Excel (version 2010, Microsoft), and R 
software (version 3.0.3, The R Foundation for Statis-
tical Computing). The intersequence correlation and 
differences in perfusion estimates were analyzed us-
ing Pearson correlation coefficient and paired-sam-
ple Student t tests, respectively. Scatterplot matrixes 
and Bland-Altman plots were generated to graphi-
cally visualize the variation and the agreement of 
the GFR values obtained using MR methods with 
clinical reference methods. To test for systematic 
differences in the GFR values between sequences, 
a paired Student t test was performed. To compare 
image quality, analyses were performed of the visual 
grading characteristics and the corresponding AUC 
statistics. SNR measurements were computed using 
NordicICE (version 2.3.13, NordicLabs).

Results
Quantitative Perfusion and 
Filtration Parameters

The sequence-specific (FLASH and KWIC) 
perfusion and filtration parameters—plasma 

TABLE 1: Estimates of Perfusion and Filtration Parameters Using FLASH and 
K-Space Weighted Image Contrast (KWIC) Sequences Based on 
Whole-Kidney ROI and Two-Compartment Model and Reference 
Literature Values From Kidneys Using the Same Pharmacokinetic 
Model

Parameter FLASH KWIC Reference Literature Valuesa

Plasma flow (mL/100 mL/min) 224 ± 56 198 ± 56 229 ± 57

Plasma volume (mL/100 mL) 28 ± 12 36 ± 20 24 ± 3.4

Tubular flow (mL/100 mL/min) 35 ± 10b 30 ± 15b 31 ± 7.1

Plasma mean transit time (s) 7.4 ± 2.5 11.4 ± 4.3 6.5 ± 1.3

Tubular mean transit time (s) 118 ± 38 145 ± 47 125 ± 55

Volume of whole-kidney ROI (mL) 341 ± 65 269 ± 82

Note—Data are mean ± SD. 
aReference literature values are from Sourbron et al. [24].
bStatistically significant correlation (σ = 0.7; p < 0.05) between sequences.

TABLE 2: Total Glomerular Filtration Rate (GFR) Values Estimated From 
Iohexol Clearance (Iohexol GFR), Creatinine Clearance (Estimated 
GFR), and the MRI Sequences FLASH and K-Space Weighted  
Image Contrast (KWIC) for 10 Healthy Volunteers

Subject No.
Iohexol GFR (mL/

min/1.73 m2)a
Estimated GFR (mL/

min/1.73 m2)b
FLASH GFR (mL/

min/1.73 m2)c
KWIC GFR (mL/

min/1.73 m2)d

1 106 101 88 49

2 105 101 89 47

3 99 83 83 34

4 110 112 136 113

5 92 127 114 88

6 124 133 136 80

7 102 93 153 87

8 85 99 78 25

9 109 103 139 112

10 102 102 82 67
aMean (± SD), minimum, median, and maximum values are 103 ± 11, 85, 104, and 124 mL/min/1.73 m2, respectively.
bMean (± SD), minimum, median, and maximum values are 105 ± 15, 83, 102 and 133 mL/min/1.73 m2, respectively.
cMean (± SD), minimum, median, and maximum values are 110 ± 29, 78, 102, and 153 mL/min/1.73 m2, respectively.
dMean (± SD), minimum, median, and maximum values are 70 ± 31, 25, 74, and 113 mL/min/1.73 m2, respectively.

TABLE 3: Visual Image Quality Score (1–5) for Each Group of Image Quality 
Criteria and the Corresponding AUC, Showing a Difference Index 
Between FLASH and K-Space Weighted Image Contrast (KWIC) 
Sequences

Parameter

Visual Image Quality Score, Mean ± SD Difference Index

FLASH KWIC AUC (95% CI) p

Reproduction of aorta with or 
without gadolinium enhancementa

3.0 ± 1.3 2.9 ± 1.0 0.49 (0.3–0.7) 0.91

Reproduction of corticomedullary 
differentiationb

2.5 ± 1.2 2.9 ± 1.1 0.71 (0.5–0.9) 0.05

Presence of artifactsc 4.1 ± 0.8 3.8 ± 0.9 0.18 (0.06–0.3) 0.0004d

Overall image qualitye 2.9 ± 0.5 3.2 ± 0.5 0.71 (0.5–0.9) 0.05
aGroup 1: criteria 1–4.
bGroup 2: criteria 5–7. 
cGroup 3: criteria 8–15. 
dStatistically significant at p < 0.005.
eGroup 4: criteria 16–19.
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flow, plasma volume, plasma mean transit time, 
tubular flow, and tubular mean transit time—
are shown in Table 1. The differences in mea-
surements were not statistically significant be-
tween the FLASH and KWIC sequences using 
a paired-sample Student t test. Generally, the 
renal perfusion parameters estimated from 
the FLASH sequence were closer to the refer-
ence literature values [24] than those estimated 
from the KWIC sequence. Among the physi-
ologic parameters obtained, only tubular flow 
correlated statistically significantly (σ = 0.7; 
p < 0.05) between sequences using a Pearson 
correlation coefficient.

The total GFR values estimated from the 
FLASH and KWIC MRI sequences and from 
blood samples (i.e., iohexol GFR and estimat-
ed GFR) are shown in Table 2. The mean dif-
ferences between iohexol GFR and estimated 
GFR, FLASH GFR, and KWIC GFR were 2.0 
(1%), 6.4 (6%), and 33.2 (−33%) mL/min/1.73 
m2, respectively. The mean difference between 
FLASH GFR and KWIC GFR was 40 mL/
min/1.73 m2, which is statistically significant 
(p < 0.001) using a paired Student t test. We 
found substantially larger SD for FLASH GFR 
(SD, 29) and KWIC GFR (SD, 31) compared 
with both iohexol GFR (SD, 10.5) and estimat-
ed GFR (SD, 15.0), yielding a larger variation 
in GFR estimates using the MRI methods. The 
scatterplot matrix in Figure 2 graphically illus-
trates the pairwise relationship of GFR values. 
Comparing each of the four methods to each 
other, KWIC GFR showed the largest devia-
tion from the reference standard iohexol GFR. 
The agreement of the different GFR estimates 
with the GFR of the reference standard—that 
is, (MGFR − iohexol GFR) versus (MGFR + io-
hexol GFR) / 2, where MGFR = estimated GFR, 
FLASH GFR, and KWIC GFR—is presented 
in the Bland-Altman plot in Figure 3.

Image Quality Assessment
An illustration of the visual appearance 

of image quality in each of the two sequenc-
es is provided in Figure 4. The visual grad-
ing characteristics analysis showed a small 
groupwise difference in the mean image qual-
ity scores, as shown in Table 3. Despite this, 
difference indexes from visual grading char-
acteristic (AUC) statistics showed a statisti-
cally significant higher overall presence of ar-
tifacts (group 3, eight criteria) in the KWIC 
sequence than in the FLASH sequence. Of the 
eight assessment criteria assessing artifacts, 
chemical shift at renal poles and at lateral and 
medial contours showed statistically signifi-
cant (p < 0.005) differences favoring FLASH, 

with AUC values of 0.26 and 0.17, respective-
ly. The presence of streaking artifacts and 
inflow artifacts in the aorta was more pro-
nounced for KWIC than for the FLASH se-

quence, with AUC values of 0.36 and 0.30, 
respectively. Other artifact criteria, such as 
motion, susceptibility, and infolding, yielded 
similar scores for the two MRI sequences.

Fig. 2—Distribution of glomerular filtration rate (GFR) values derived from MR sequences: FLASH, k-space 
weighted image contrast (KWIC), iohexol clearance (iohexol GFR), and creatinine clearance (estimated GFR). 
Scatterplot matrix compares one method to another for all combinations of four measurement methods in sample 
(n = 10). Blue lines denote linear least-squares regression line, with standard errors in shaded gray. Dotted 
black lines denote equality (i.e., complete agreement between two methods). Plots on diagonal depict smooth 
approximation of empirical probability density distribution of GFR values obtained using each of four methods.

TABLE 4: Quantitative Signal-to-Noise Ratio (SNR) Measurements and  
Contrast Enhancement Delta Ratios for FLASH and K-Space 
Weighted Image Contrast (KWIC) Sequences

Parameter FLASH KWIC p

Baseline SNR cortex 5.56 ± 1.41 4.39 ± 1.14 0.14

Peak SNR cortex 11.85 ± 2.60 9.25 ± 4.44 0.17

Baseline SNR aorta 6.94 ± 2.93 5.94 ± 5.55 0.70

Peak SNR aorta 14.44 ± 3.05 11.45 ± 7.40 0.24

Delta ratio SNR cortex 1.32 ± 0.91 1.19 ± 1.03 0.63

Delta ratio SNR aorta 1.43 ± 0.93 1.64 ± 1.27 0.76

Delta ratio signal intensity cortex 1.40 ± 0.24 0.99 ± 0.20 0.001a

Delta ratio signal intensity aorta 1.51 ± 0.63 1.48 ± 0.59 0.92

Note—Data are mean ± SD estimated values from ROIs drawn in cortex and distal aorta for 10 volunteers.
aStatistically significant difference at p < 0.005 using a paired-sample Student t test.
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The four observers rated (mean scores) 
the corticomedullary differentiation and 
overall image quality in the KWIC sequenc-
es slightly higher than in the FLASH se-
quences. These differences were not statisti-
cally significant, for groups or single criteria.

SNR measurements are presented in Table 
4. Overall, FLASH provided slightly better, 
but not statistically significant, mean SNR val-
ues than KWIC in both the baseline and en-
hanced (peak) aorta and cortex. Corresponding 
SDs were approximately doubled in the KWIC 
sequence compared with FLASH, except for 
baseline SNR in the cortex, where the SD was 
slightly lower for KWIC than for FLASH. A 
high level of fluctuating signal intensity in the 
aorta (AIF) in the KWIC sequence (i.e., higher 
signal intensity SD) is illustrated in Figure 1 by 
the irregular signal intensity and concentration 
time courses after the first pass.

Enhancement ratios measured by the delta 
ratio between baselines and peak SNR in the 
aorta and the cortex, respectively, showed small 
and not statistically significant differences be-
tween the two sequences. Enhancement ratios 
based on signal intensity values were also in-
significant in the cortex, despite the statistical-
ly significantly higher delta ratio value of 1.40 
(76.3 ± 6 vs 182.5 ± 18.0 AU) in the FLASH 
sequence, compared with 0.99 (126.1 ± 16.8 vs 
250.0 ± 40 AU) in the KWIC sequence.

Discussion
In this study, we used a comprehensive 

framework for the assessment of perfusion 

and GFR measurement in the human kidney 
with DCE-MRI. Our results showed consis-
tent intrasubject variation in perfusion and 
GFR estimates between the FLASH and 
KWIC sequences. Using iohexol GFR as 
the reference standard and estimated GFR 
as a reference for MRI-derived GFR values, 
KWIC underestimated and produced highly 
diverging values compared with the FLASH 
sequence. The inaccuracies in function-
al renal estimates derived from the KWIC 
sequence appeared to correspond to the 
assessed lower level of image quality char-
acteristics of the sequence. To our knowl-
edge, intrasubject agreement in perfusion 
and GFR estimates between different acqui-
sition techniques compared with a reference 
standard method has not been studied before.

Whole-organ coverage (i.e., 3D imaging) 
is essential for DCE-MRI-based estimation 
of kidney GFR, as well as spatial and con-
trast resolution that can distinguish between 
the cortex and the medulla. With regard to 
temporal resolution, Michaely et al. [30] sug-
gest measurements every 4 seconds, with a to-
tal acquisition time of 4 minutes, to obtain a 
reliable measurement of both the kidney per-
fusion and filtration parameters. However, ac-
curate determination of rapidly changing sig-
nal intensities, such as the first-pass peak of 
the arterial input function, might require fast-
er sampling [31]. With our injection protocol, 
the full width at half maximum of the first-
pass peak is approximately 5–10 seconds. A 
temporal resolution of 3 seconds or better per 

volume would allow the determination of the 
maximum signal intensity of the first-pass 
peak. These requirements rule out all avail-
able 2D techniques. The 3D FLASH sequence 
has been shown [32, 33] to meet these criteria, 
while yielding image quality that is sufficient 
to calculate perfusion and filtration parame-
ters. Variations of the 3D FLASH sequence to 
obtain better temporal resolution usually in-
volve techniques such as parallel imaging or 
view-sharing techniques. Time-resolved im-
aging with stochastic trajectories [32, 33] has 
been proposed for renal imaging [7]. How-
ever, organ movement tends to invalidate the 
peripheral k-space until the full k-space has 
been resampled. Frequent and unpredictable 
kidney movements therefore make the time-
resolved imaging with stochastic trajectories 
sequence difficult to implement. Although 
both time-resolved imaging with stochastic 
trajectories and KWIC are view-sharing tech-
niques, the radial sampling of KWIC is ex-
pected to be more motion resistant.

The k-space sampling technique of KWIC 
produces images with frequent updating of 
the central k-space and undersampling of the 
peripheral k-space [9]. Thus, there is a trade-
off between sufficient temporal resolution, 
high SNR, and suppression of streaking ar-
tifacts, and the number of projection views 
to be shared in the peripheral k-spaces [9, 11, 
34]. In our study, the number of projection 
views in the KWIC sequence was optimized 
to 148, producing temporal and spatial reso-
lutions comparable to those of the FLASH 
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Fig. 3—Bland-Altman plots of agreement. 
A–C, Plots show agreement between iohexol glomerular filtration rate (GFR) (reference standard) and estimated GFR (A) FLASH GFR (B), and k-space weighted image 
contrast (KWIC) GFR (C). Purple line represents estimated bias (i.e., mean difference), where zero-bias line is in black. Orange solid lines denote mean difference ± 2 
SD limits of agreement, and dotted orange lines represent outer limit for 95% CI of 2 and −2 SD lines. Bias and mean difference (2σ) were 2.0 and 28.9 mL/min/1.73 m2, 
respectively, for estimated GFR; 6.4 and 50.2 mL/min/1.73 m2, respectively, for FLASH GFR; and 33.2 and 55.1 mL/min/1.73 m2, respectively, for KWIC GFR.

CB

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

jr
on

lin
e.

or
g 

by
 H

og
sk

ol
en

 i 
B

er
ge

n 
on

 1
1/

26
/1

5 
fr

om
 I

P 
ad

dr
es

s 
15

8.
37

.3
2.

13
4.

 C
op

yr
ig

ht
 A

R
R

S.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d 



AJR:204, March 2015 W279

Renal 3D DCE-MRI Using FLASH and KWIC

Fig. 4—Visual appearance of image quality in FLASH and k-space weighted image contrast (KWIC) sequences. Dynamic contrast-enhanced time series of KWIC 
and FLASH sequences in same subject are shown at time points of baseline, signal intensity (SI) peak in cortex, at ≈ 30 seconds, and ≈ 300 seconds after injection of 
gadoterate meglumine.

sequence. The temporal resolutions obtained 
for FLASH and KWIC were 2.8 and 2.5 
seconds, respectively. The KWIC sequence 
has previously been studied for DCE per-
fusion imaging using 256 projection views 
at a temporal resolution of 4.1 seconds and 
has been compared with a conventional sam-
pled SPGR sequence [9]. Although Kim et 
al. [9] used a higher number of projection 
views, their qualitative image analyses in-
dicated lower ratings for most image quali-
ty characteristics and no differences in SNR, 
which is consistent with the results of our 
study. Moreover, Song et al. [7] emphasize 
the risk of distorting enhancement curves 
as a result of undersampling peripheral k-
space regions, especially during first-pass 
perfusion, when the signal intensity rapidly 
changes. However, the effect of the reduced 
enhancement ratios in the KWIC sequence 
on the estimation of GFR and perfusion pa-
rameters has not been investigated further.

The qualitative ratings of image quality in 
our study emphasized in particular the differ-
ences between KWIC and FLASH in terms of 
image degradation resulting from artifacts, in-

cluding chemical shift at renal poles and later-
al and medial contours, and streaking artifacts.

Chemical shift artifacts might be attrib-
uted to the TE selection in KWIC (1.61 ms) 
producing a higher proportion of fat and wa-
ter out of phase compared with TE in FLASH 
(0.87 ms). Consequently, the corresponding 
cancelled signals from voxels around kidney 
contours could probably reduce the propor-
tion of cortex within the whole-kidney mask. 
In our study, the automatically segment-
ed kidney masks from the KWIC sequence 
were found to be statistically significantly 
smaller (mean, 269 ± 78 mL) than kidney 
masks derived from the FLASH sequence 
(mean, 341 ± 62 mL). Because of technical 
constraints, the KWIC sequence did not al-
low parallel imaging as used for the FLASH 
sequence. A study combining KWIC with 
parallel imaging has recently been published 
[35], enabling shorter TEs that probably re-
duce impairment from chemical shift.

In general, the lack of a reference standard 
method makes the validation of perfusion pa-
rameters difficult. In our study, FLASH-de-
rived perfusion parameters showed slight-

ly higher agreement with reference literature 
values than the KWIC-derived parameters 
(Table 1). Although both sequences apparent-
ly yielded plausible perfusion values, the only 
parameter showing a high degree of agree-
ment between FLASH and KWIC was the 
tubular flow. In the two-compartment model 
that was used, tubular flow is the filtration unit 
expressing GFR when multiplied by the renal 
volume ROI [24]. The tubular flow agree-
ment in FLASH and KWIC before applying 
the volume factor could indicate that the GFR 
discrepancy between FLASH and KWIC is 
caused by segmentation differences due to 
different signal and contrast properties.

According to Sourbron et al. [24], measure-
ments of GFR from the whole-kidney mask 
produce less-accurate GFR estimates than us-
ing the cortical region alone because glomeru-
lar filtration is a cortical process. With regard 
to blood perfusion, estimates derived from a 
whole-kidney ROI will reflect the combina-
tion of perfusion rates in the cortex and me-
dulla. In normal kidneys, the cortex is perfused 
(blood flow) at approximately 400–500 mL/
min/100 g, whereas the medulla is less per-
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fused (≈ 100–150 mL/min/100 g) [4]. With the 
use of whole-kidney masks, a general underes-
timation (lower average) of both GFR and per-
fusion parameters could therefore be expected.

Methodologic imprecision in reference stan-
dard measurements, as well as biologic varia-
tion, must be taken into consideration when re-
peated measurements of GFR are compared. In 
healthy subjects, the total variation in repeated 
measurements of iohexol clearance is about 
11%, which is mainly accounted for by bio-
logic variation [16]. In our study, the discrep-
ancy in KWIC GFR estimates compared with 
the zero-bias line of iohexol GFR was, at maxi-
mum, about 70 mL/min/1.73 m2 (≈ 75%) (see 
Table 1 and the Bland-Altman plot in Fig. 3). 
The discrepancy seemed to be higher for lower 
GFR values (> 102 mL/min/1.73 m2). For the 
two subjects with iohexol GFR values greater 
than 110 mL/min/1.73 m2, the agreement with 
KWIC GFR was high (> 5 mL/min/1.73 m2). 
However, the wide fluctuation and bimodal 
distribution of KWIC GFR could also be due 
to the small sample size. Both estimated GFR 
and FLASH GFR were more evenly distribut-
ed around the bias line (iohexol GFR) close to 
zero and across the range of GFR values (Fig. 
3). Despite the small sample size, this find-
ing suggests higher stability and robustness in 
GFR estimations from the FLASH sequence 
compared with the KWIC sequence. Howev-
er, FLASH GFR showed a slightly higher bias 
than estimated GFR (Fig. 3).

Although qualitative image characteris-
tics other than artifacts showed no signifi-
cant differences, reproduction of cortico-
medullary differentiation (unenhanced) and 
overall image quality produced AUC values 
in favor of the KWIC sequence (Table 3). 
The better appearance (i.e., higher observer 
ratings of the corticomedullary differentia-
tion in KWIC) might indicate that full-sam-
pled core k-space sampling yields good vi-
sual image contrast, unaffected by the strong 
undersampled shared peripheral k-space. 
On the other hand, the visually observed fa-
vorable corticomedullary differentiation in 
KWIC did not correspond to the signal inten-
sity enhancement ratios (delta ratio) found in 
the cortex for KWIC. These findings might 
reflect that the visual appearance and image 
quality characteristics of KWIC are compa-
rable to that of the FLASH sequence, except 
for the chemical shift and streaking artifact 
being more pronounced in KWIC.

The signal intensity characteristics and ob-
served voxel time courses in DCE-MRI are 
the result of a complex interplay between ex-

trinsic factors and intrinsic phenomena and 
are partly under experimental control (e.g., re-
garding flip angle, TR, gadolinium dose, and 
injection rate). In our experiments, both the 
gadolinium dose and injection rate were iden-
tical for all subjects, reflecting no differences 
between sequences. The flip angle selection 
for both FLASH and KWIC was low, at 12° 
and 10°, respectively. Flip angles are usually 
selected to maximize SNR and the contrast 
between enhanced and unenhanced kidney 
tissue, which favors lower flip angles. Bo-
kacheva et al. [36] described a 2.3 times high-
er contrast ratio between enhanced and unen-
hanced cortical signals when using 12° versus 
40° for the GRE sequence with a TR of 3 ms. 

The TRs for the two sequences differed 
slightly, at 2.41 ms and 3.51 ms for the FLASH 
and KWIC sequences, respectively. Differenc-
es in TRs have previously been shown to affect 
signal enhancement, with lower TRs producing 
greater enhancement than higher TRs [37]. It 
is not evident to what extent the small variation 
in TR between FLASH and KWIC sequences 
would influence the enhancement ratio.

Overall, the SNR measurements did not 
show statistically significant differences be-
tween the sequences. However, the mean lev-
el of enhancement between the baseline sig-
nal intensity and peak signal intensity (delta 
ratio) in the cortex was statistically signifi-
cantly lower for KWIC (delta ratio = 0.99) 
than for FLASH (delta ratio = 1.40).

The measurement of the signal evolution in 
arterial blood, providing arterial input in the 
pharmacokinetic models, is one of the great 
challenges in quantitative functional imag-
ing [36]. Several phenomena may impair the 
MR signal intensity in the arteries, such as in-
flow effect, dephasing, partial-volume effect, 
and flow pulsation [4]. These effects are of-
ten visually perceptible in the appearance of 
signal enhancement of blood [38]. Moreover, 
the specific placement of the ROI defining the 
aortic input function has been shown to sig-
nificantly influence the estimated renal per-
fusion and GFR values [39]. In our study, sub-
jective evaluation of inflow artifacts (in distal 
aorta at the location of AIF) produced high 
scores for both sequences, with KWIC being 
slightly more impaired than FLASH (AUC, 
0.36). These inflow artifacts, which were 
mainly observed in KWIC, might contribute 
to the variability and instability of the mod-
el-based estimation of functional parameters.

In summary, we have provided a frame-
work for comprehensive assessment of renal 
3D DCE-MRI that includes both image qual-

ity and quantitative estimation of function-
al kidney parameters, such as GFR. In our 
comparative experiments, the FLASH se-
quence seemed to have slightly better image 
quality properties and provide more accurate 
functional estimates (i.e., GFR) than KWIC.
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