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 Purpose: To investigate the feasibility of and correlation between 
arterial spin-labeling (ASL) and dynamic contrast material–
enhanced (DCE) 3-T magnetic resonance (MR) imaging in 
the measurement of renal blood fl ow (RBF).

 Materials and 
Methods: 

The review board approved this study. Nineteen healthy 
volunteers (seven women, 12 men; age range, 25–68 years) 
were recruited, and each provided written informed con-
sent. MR imaging was performed with a 3-T whole-body 
system. Each subject underwent back-to-back ASL and 
DCE MR imaging. Ten runs of ASL imaging were per-
formed by using the pseudocontinuous tagging scheme, 
and each run required an 18-second breath hold. For 
DCE imaging, a gadopentetate dimeglumine bolus (0.0125 
mmol per kilogram of body weight) was administrated in-
travenously in all subjects except two; in the latter sub-
jects, a 0.025 mmol/kg gadopentetate dimeglumine bolus 
was administered to evaluate the T1 saturation effect. 
RBF was quantifi ed with both techniques and in both the 
cortex and the medulla. Agreement was evaluated for RBF 
measurements obtained with ASL imaging and those ob-
tained with DCE imaging by using correlation analysis.

 Results: RBF was apparently overestimated with 0.025 mmol/kg 
gadopentetate dimeglumine, which is a concentration that 
is commonly adopted for 1.5-T DCE. RBF was 227 mL/
100 mL/min  6  30 (standard deviation) in the cortex and 
101 mL/100 mL/min  6  21 in the medulla, as measured 
with ASL imaging, and 272 mL/100 mL/min  6  60 in the 
cortex and 122 mL/100 mL/min  6  30 in the medulla, as 
measured with DCE imaging. In the cortex, measure-
ments obtained with ASL and DCE imaging exhibited a 
linear correlation ( r  = 0.66; statistical power, 0.8 at the 
5% signifi cance level) and fair agreement (intraclass cor-
relation coeffi cient, 0.41).

 Conclusion: ASL and DCE 3-T MR imaging are feasible in the quanti-
fi cation of cortical renal perfusion, yielding measurements 
that are correlated but not entirely comparable. Intermo-
dality differences have yet to be solved.
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 While 3-T MR imaging has become 
more common in the past few years be-
cause of the gain in signal-to-noise ratio 
  (SNR), most renal perfusion studies in 
which MR imaging is used have been 
performed with a fi eld strength of 1.5 T 
( 3–5,10–12 ). Specifi cally, the longer lon-
gitudinal relaxation time constant (T1) 
of blood at 3 T benefi ts ASL imaging in 
that the labeled protons persist longer 
through the delivery route to the imaging 
region. The purpose of this study was to 
investigate the feasibility of and the cor-
relation between ASL and DCE MR im-
aging in the measurement of renal blood 
fl ow (RBF) at the fi eld strength of 3 T. 

 Materials and Methods 

 Subjects 
 This study was approved by the review 
board of the National Taiwan University 
Hospital. Nineteen healthy volunteers, 
including seven women (mean age, 41 
years  6  15 [standard deviation]; age 
range, 25–64 years) and 12 men (mean 
age, 43 years  6  16; age range, 25–68 
years), were recruited, and all subjects 
gave written informed consent. Each 
subject was given earplugs and placed 
on the gantry table in the supine pos-
tion, head fi rst, with both arms extended 

isotopes and ionizing irradiation and is 
less dependent on variable anatomy of 
vasculature than is fl ow measurement 
derived from phase-contrast MR imag-
ing ( 13 ). Arterial spin-labeling (ASL) 
( 13 ) and dynamic contrast-enhanced 
(DCE) imaging ( 14 ) are two established 
perfusion MR imaging techniques. In 
ASL, the protons in the arterial blood 
feeding the organ of interest are mag-
netically tagged or labeled by radiofre-
quency pulses, usually through inver-
sion, and then serve as an endogenous 
tracer. Image acquisition follows after 
a suffi cient amount of time has passed 
to enable the tagged protons to reach 
the capillary bed and exchange with the 
protons of surrounding tissue. In prac-
tice, a control image in contrast to the 
mentioned tag image is obtained with-
out the tagging preparation. The tag 
image is subtracted from the control 
image to remove signals of static tissue, 
yielding residual signal that is propor-
tional to the local blood fl ow. In DCE 
MR imaging, a bolus of paramagnetic 
contrast media, usually composed of 
gadolinium chelates, is intravenously in-
jected while images are rapidly and re-
peatedly acquired over a few minutes. 
The signal evolution that accompanies 
the passage of contrast media is then 
associated with the concentration-time 
curves of contrast media from which 
blood fl ow is calculated. 

             M icrovascular blood fl ow, or per-
fusion, is an important index of 
physiology and pathophysiology. 

Abnormal perfusion may be both the 
cause and the consequence of disease 
development ( 1,2 ). Thus, reliable per-
fusion measurement is desirable, as it 
may facilitate the investigation of phys-
iology and function, the formulation of 
the diagnosis and prognosis of disease, 
and the planning and evaluation of treat -
ment. In the kidneys, perfusion has been 
used to assess renal allograft nephro -
pathy ( 3,4 ) and renal cell carcinoma 
( 5,6 ). 

 Quantitative measurement of renal 
perfusion has been achieved with posi-
tron emission tomography (PET) ( 7,8 ), 
contrast material–enhanced computed 
tomography (CT) ( 9 ), and magnetic res-
onance (MR) imaging ( 3–6,10–12 ). As 
compared with its counterparts, perfu-
sion MR imaging is less invasive when 
one considers exposure to radioactive 

 Implications for Patient Care 

 ASL and DCE MR imaging may  n

enable reliable perfusion quantifi -
cation in the renal cortex with 
little to no invasiveness. 

 Measurement of renal blood fl ow  n

with the DCE technique is more 
time effi cient than measurement 
with the ASL technique (1 minute 
vs 5 minutes), but it demands 
a longer breath hold than that 
required for each repetition 
of ASL imaging (30 seconds 
vs 18 seconds). 

 Cross-referencing ASL and DCE  n

measurements of renal perfusion 
should be conducted with 
caution. 

 Advances in Knowledge 

 Arterial spin-labeling (ASL) and  n

dynamic contrast material–
enhanced (DCE) MR imaging 
enable correlated but not entirely 
comparable perfusion measure-
ment of the renal cortex ( r  = 
0.66, intraclass correlation coeffi -
cient = 0.41). 

 Reliable perfusion measurement  n

of the renal cortex is possible 
with pseudocontinuous ASL im-
aging, with 10 repetitions of 
18-second breath holds. 

 With 3-T MR imaging, a lower  n

concentration of gadopentetate 
dimeglumine (0.0125 mmol per 
kilogram of body weight) than 
that used with 1.5-T MR imaging 
yields suffi cient signal-to-noise 
ratio for measurement of renal 
perfusion in the cortex with the 
DCE technique, without incur-
ring the T1 saturation effect. 

 ASL and DCE imaging enable  n

reliable perfusion measurement 
of the renal cortex (within-
subject coeffi cient of variation, 
7.9% and 9.6%, respectively). 
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visual inspection, during which images 
with motion artifacts that could not be 
corrected   with our algorithm were dis-
carded (W.C.W., 7 years of experience 
in medical image processing). The tag 
and control images obtained with ASL 
imaging were subtracted in a pairwise 
manner, and an average was calculated 
to yield perfusion-weighted images ( D  M ) 
that were converted to RBF maps by us-
ing the abdominal aorta as an internal 
reference to calculate the fully relaxed 
longitudinal magnetization of arterial 
blood ( M  0B ). We then used the cortex 
and medulla for the one-compartment 
model ( 18 ), with the assumption that 
by the time of image acquisition, all la-
beled protons had left the vessel and 
now resided in the parenchyma  : 
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DCE imaging, gadopentetate dimeglu-
mine (0.0125 mmol per kilogram of body 
weight) was injected at a rate of 4 mL/sec 
by using a power injector and followed 
by a 15-mL saline fl ush. Gadopentetate 
dimeglumine at a different concentration 
(0.025 mmol/kg) was injected in two 
subjects to test the effect of T1 satura-
tion. These two subjects were excluded 
from statistical analysis because marked 
fl ow overestimation was observed. Satu-
ration-recovery turbo fast low-angle shot 
imaging was used for image acquisition 
(section   thickness, 8 mm; two coronal 
sections and one axial section; postsatu-
ration delay, 150 msec; fl ip angle, 10°; 
in-plane matrix, 192  3  155; voxel size 
range, 1.7  3  2.1  3  8.0 mm to 2.1  3  2.6 
 3  8.0 mm; generalized autocalibrating 
partially parallel acquisition accelera-
tion factor, two; echo time, 0.98 msec; 
228 msec per section), which started 
fi ve measurements before the injection 
of contrast media and lasted for 75 mea-
surements afterward (effective repetition 
time, 834 msec). The fi rst fi ve measure-
ments were discarded. Each subject was 
instructed to hold his or her breath as 
long as he or she could without motion 
and to gently exhale when breath hold-
ing was no longer possible. ASL imaging 
was always performed before DCE im-
aging in the back-to-back experiments 
( Figs 1, 2  ). 

 Reproducibility of ASL and DCE data 
was tested in four subjects by repeating 
the experiments after 2.5 hours. The 
mean half-life of the elimination phase 
of gadopentetate dimeglumine has been 
determined to be 1.58 hours  6  0.13 at 
concentrations of 0.1 and 0.25 mmol/
kg ( 17 ). Given that we used a 10-fold 
lower concentration (0.0125 mmol/kg), 
the carryover effect is expected to be 
negligible after 2 hours. 

 Data Processing 
 All complex data were reconstructed 
online into magnitude images and then 
exported to a workstation   for off-line 
postprocessing. Bulk motion and re-
ceiver sensitivity were corrected for 
individual series of images. Automated 
affi ne registration was performed to 
enable scaling in addition to transla-
tion and rotation and was followed with 

overhead, then the angiocatheter was 
connected to intravenous tubing  . Each 
subject was instructed to inhale and 
hold his or her breath at the end of ex-
halation. The built-in respiratory belt 
was placed on each subject’s upper ab-
domen to monitor respiration and the 
completeness of breath holding. 

 MR Imaging 
 All MR imaging was performed with 
a whole-body 3-T imager (Tim Trio; 
Siemens, Erlangen, Germany) by using 
the spine matrix coil and a fl exible torso 
matrix coil for signal reception and the 
body coil for radiofrequency transmis-
sion. After scout and T2-weighted turbo 
spin-echo anatomic imaging, ASL images 
were obtained by using the pseudo-
continuous labeling scheme ( 15,16 ), in 
which continuous labeling is mimicked by 
a series of short radiofrequency pulses, 
whereas control images were obtained 
by alternating the polarity of the ra-
diofrequency pulses by 180°. Because 
pseudocontinuous ASL can be imple-
mented by using body coil transmission 
and phased-array reception, it yields 
the optimal balance between labeling 
effi ciency and signal-to-noise ratio as 
compared with the conventional pulsed 
and continuous labeling scheme ( 16 ). In 
this study, pseudocontinuous ASL imag-
ing was based on a single-shot gradient-
echo echo-planar readout (repetition 
time msec/echo time msec, 3000/17; 
labeling duration, 1.5 seconds; post-
labeling delay, 1 second; section thick-
ness, 6 mm; fi ve coronal sections; fi eld 
of view, 33–40 cm; in-plane matrix, 128 
 3  64; voxel size range, 2.6  3  5.2  3  6.0 
mm to 3.1  3  6.2  3  6.0 mm; and general-
ized autocalibrating partially parallel ac-
quisition acceleration factor, two). The 
labeling plane was axial and located 70–
90 mm above the center of the imaging 
volume such that it was approximately 
perpendicular to the abdominal aorta. 
Ten runs of ASL were conducted, and 
each comprised six measurements; the 
fi rst two measurements were discarded. 
Thus, the duration of the breath hold 
was no longer than 18 seconds. A 
break of 5–10 seconds was inserted 
between runs. It took no more than 5 
minutes to complete ASL imaging. For 

 Figure 1 

  
  Figure 1:  Section   prescription for ASL and DCE half-
Fourier rapid acquisition with relaxation enhancement 
MR imaging. Yellow box indicates one coronal section. 
Five coronal sections were acquired for ASL imaging, 
and two were acquired for DCE imaging. For DCE 
imaging, an axial section (red line) above the branch 
of renal arteries was also acquired for subsequent 
determination of arterial input function. For ASL 
imaging, the pseudocontinuous tagging and control 
planes (blue line) were placed 70–90 mm above the 
center of the imaging volume.   
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Agreement between RBF values measured 
with ASL imaging and those measured 
with DCE imaging was then evaluated 
in terms of inter- and intraclass corre-
lation coeffi cients ( r  and ICC, respec-
tively) and followed by Bland-Altman 
analysis. The interclass correlation co-
effi cient was detected at the 5% signif-
icance level with the statistical power 
analyzed by using Fisher  z  transfor-
mation. For the ASL technique, spatial 
SNR was computed as the ratio of the 
mean in a target region of interest to 
the standard deviation in a background 
region of interest. For the DCE tech-
nique, temporal contrast-to-noise ratio 
(tCNR) was calculated from the signal-
time curves with the equation tCNR = 
( S  p  2  S  b )/ s  b  in which  S  p  is peak signal 
intensity and  S  b  and  s  b  are the mean 
and standard deviation of baseline sig-
nal intensity  , respectively. Postprocess-
ing was performed with custom Matlab 
programs  (www.mathworks.com) . 

 Results 

 Data collected in two subjects were 
excluded because of excessive motion, 
breath holding failure, or both. With 
DCE imaging, RBF was manifestly over-
estimated in the two subjects who re-
ceived 0.025 mmol/kg gadopentetate 
dimeglumine ( Fig 3  ) because of the 
convex relationship between DCE sig-
nal change and gadopentetate dimeglu-
mine concentration. Although   a linear 
approximation such as that used in 

following equation:  C ( t )  ∝  ( S ( t ) 2  S  0 )/ S  0 , 
where  S  0  is the average signal intensity 
before arrival of the contrast agent   and 
 S ( t ) is the signal-time curve ( 14,21 ). 
 C  a ( t ) was estimated on the axial section 
obtained through the abdominal aorta 
where a region of interest was placed 
carefully within the lumen to avoid par-
tial volume effect. The time point where 
 C ( t ) started to increase was identifi ed, 
which–along with the subsequent 30 
time points–was fi tted with a gamma 
variate function to remove second-pass 
or motion-related signal fl uctuations. 
Block-circulant deconvolution ( 22 ) was 
adopted because of its insensitivity to 
the timing of bolus arrival. It is worth 
noting that the quantitative model im-
plies that the capillary wall is infi nitely 
permeable to gadopentetate dimeglu-
mine when compared with the fl ow rate 
through the vessel. 

 Both kidneys in the section where 
they were seen most clearly were seg-
mented into cortex and medulla with 
fuzzy c-means clustering of coregistered 
anatomic images and average dynamic 
images (echo-planar imaging for ASL 
imaging and saturation-recovery turbo 
fast low-angle shot for DCE imaging), 
from which average RBF was calculated 
for both kidneys on a per-subject basis. 

 Statistical Analysis 
 Reproducibility was assessed with within-
subject coeffi cient of variation. An aver-
age was calculated for the two repeti-
tions   and then used for group analysis. 

 where RBF ASL  is RBF measured with 
ASL imaging; T1 t  is T1 of the cortex or 
medulla (1150 and 1550 msec, respec-
tively [ 19 ]); PLD is postlabeling delay; 
and  t  is labeling duration,. Labeling 
effi ciency ( a ) is assumed to be 0.75. To 
calculate  k , we used the equation  k  = 
exp[(1/T1 t  2 1/T1 b ) d  t ], where T1 b  is T1 
of the arterial blood (assumed to be 
1600 msec) and  d t is the transit time 
the tag took to travel from the tagging 
plane to the capillary bed. At 3-T MR 
imaging,  k  was close to unity. This value 
was used throughout the study, imply-
ing a negligible transit time. To esti-
mate transit time in the assessment of 
quantitative error, we referred to DCE 
imaging data, in which signal enhance-
ment was observed in the kidneys no 
more than one frame (834 msec) after 
the abdominal aorta was enhanced. 
Thus, we estimated transit time to be 
600 msec for the cortex and 800 msec 
for the medulla, leading to a worst-case 
overestimation of 15% and 2%, respec-
tively. For DCE images, we used the 
following equation: 

 RBF DCE  = [ C  t ( t )  ⊗  –1   C  a ( t )] t = 0 , [2] 

 where RBF DCE  is RBF measured with DCE 
imaging and  ⊗   2 1  is the operation of de-
convolution ( 20 ).  C  t ( t ) and  C  a ( t ) are the 
concentration-time curves of tissue (cor-
tex or medulla) and the abdominal aorta 
(referred to as the arterial input func-
tion), respectively. Concentration-time 
curve ( C ( t   )) was determined with the 

 Figure 2 

  
  Figure 2:  Schematic diagrams of  (a)  ASL and  (b)  DCE MR imaging. ASL imaging consists of 10 repetitions of labeling duration  ( t )  of 1.5 msec and postlabeling 
delay  (PLD)  of 1 second. In  b , the turbo fast low-angle shot  (FLASH)  readout includes two coronal sections and one axial section.  EPI  = echo-planar imaging,  Meas.  = 
measurement,  PCASL  = pseudocontinuous arterial spin labeling  ,  TR 

eff
   = effective repetition time.   
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0.8, RBF ASL  = 0.33  3  RBF DCE  + 137.07) 
but not in the medulla ( r  = 0.32,  P  = 
.25). The Bland-Altman plots ( Fig 6  ) 
show no effect of sample spread on 
the correlation. RBF DCE  is signifi cantly 
higher than RBF ASL  in both the cor-
tex and the medulla (paired  t  test,  P   ,  
.001). The intraclass correlation co-
effi cient was 0.41 in the cortex and 
0.03 in the medulla. RBF ASL  was 227 
mL/100 mL/min  6  30 in the cortex and 

tagging effi ciency as a result of tortuous 
geometry of the hepatic artery. Spatial 
SNR calculated against the background 
is 11.2 in the cortex and 3.4 in the 
medulla ( Fig 4e ). 

  Figure 5   is the scatterplot of RBF 
values measured with ASL versus those 
measured with DCE imaging ( n  = 15). 
A linear correlation was found between 
ASL and DCE measurements in the cor-
tex ( r  = 0.66,  P  = .05, statistical power = 

 Figure 3 

  
  Figure 3:  Scatterplot of RBF measured with ASL 
and DCE MR imaging. In the two volunteers who 
received 0.025 mmol/kg gadopentetate dimeglu-
mine, RBF values obtained with DCE MR imaging 
were apparently overestimated ( �  and  � ) and thus 
excluded from subsequent statistical analysis.   

 Figure 4 

  
  Figure 4:  Measurement of RBF with ASL and DCE MR imaging.  (a)  Saturation-recovery turbo fast low-angle 
shot MR image shows four regions of interest ( 1 ,   perinephric fat;  2 , renal cortex;  3 , renal medulla; and  4 , liver). 
 (b)  DCE MR imaging signal-time curves are shown for comparison. Regions of interest 1–4 ( ROI-1  through 
 ROI-4 ) correspond to those in  a . The interval between measurements (or effective repetition time) is 834 msec. 
 (c, d)  Subplots are quantitative RBF maps generated with ( c ) DCE and ( d ) ASL MR imaging.  (e)  Negative RBF 
values obtained with ASL MR imaging are preserved to assess spatial signal-to-noise ratio.   

our model applies in the regimen of low 
concentration, the trend starts to satu-
rate as concentration goes beyond a 
limit. This limit fi rst appears in the 
arterial blood pool for a given bolus, 
leading to underestimation of arterial 
input function and thus overestimation 
of RBF (Equation [2]). 

  Figure 4   shows typical results of 
ASL and DCE MR imaging performed 
in one healthy volunteer. 

 DCE MR Imaging 
  Figure 4a and 4b  shows DCE signal-
time curves extracted from the kidneys, 
liver, and perinephric fat. The temporal 
contrast-to-noise ratio is 10.4 and 2.8 
in the cortex and medulla, respectively. 
In the DCE RBF map ( Fig 4c ), the spu-
rious hyperintensity of perinephric fat 
is due to failed model fi tting because 
the signal fl uctuations are irrelevant to 
the bolus passage. 

 ASL MR Imaging 
 In  Figure 4d , no false perfusion was ob-
served in perinephric fat. No perfusion 
was measured in the liver, most likely 
because of insuffi cient SNR, as the he-
patic artery accounts for only 20% of 
liver perfusion. Also, because we did 
not always place the labeling plane well 
above the celiac trunk, the SNR may 
have been further compromised by low 
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medulla by low SNR, low contrast-to-
noise ratio, and incomplete quantitative 
models. It is also noted that for 3-T 
DCE MR imaging, the concentration of 
gadopentetate dimeglumine must be re-
duced from that used at 1.5 T to avoid 
fl ow overestimation. 

 Use of 3-T MR imaging is receiv-
ing attention because of the advances in 
hardware that make possible the theo-
retically predicted increase in SNR when 
compared with the SNR obtained with 
1.5-T MR imaging. The change in fi eld 
strength alters MR signal characteristics 
through varied spin properties. Specif-
ically, the change of T1 can affect DCE 
imaging by shifting the adequate con-
centration of gadopentetate dimeglu-
mine with which linear approximation 
remains appropriate for the association 
between the signal change against base-
line and the contrast media concentra-
tion. Indeed, our experiments revealed 
that 0.025 mmol/kg gadopentetate di-
meglumine, a concentration commonly 
used in 1.5-T MR imaging (0.02–0.05 
mmol/kg), incurs signal saturation in 
the abdominal aorta where arterial in-
put function is determined, leading to 
fl ow overestimation. The problem can 
be avoided by reducing the concentra-
tion to 0.0125 mmol/kg, as in this study, 
while SNR remains suffi cient for corti-
cal perfusion quantifi cation. It is note-
worthy that the contrast agent concen-
tration we used does not afford optimal 
enhancement of anatomy or lesions. To 
acquire contrast-enhanced T1-weighted 
images, administration of additional con-
trast agent will be necessary after DCE 
imaging. Although more elaborate me-
thods of calibrating the relationship 
between DCE signal change and gado-
pentetate dimeglumine concentration have 
been proposed ( 11,23 ), linear approxi-
mation has been proved to be simple yet 
realistic as long as the gadopentetate 
dimeglumine concentration does not 
exceed a limit to cause underestimation 
of the arterial input function ( 14,24 ). 

 RBF, as measured with ASL and DCE 
MR imaging in 15 healthy subjects was 
227 mL/100 mL/min and 272 mL/100 
mL/min, respectively, in the cortex and 
101 mL/100 mL/min and 122 mL/100 
mL/min, respectively, in the medulla; 

 Figure 5 

  
  Figure 5:  Scatterplots of RBF values obtained in the  (a)  cortex ( � ) and  (b)  medulla ( � ) with ASL and DCE 
MR imaging.   

 Figure 6 

  
  Figure 6:  Bland-Altman plots of RBF values obtained in the  (a)  cortex ( � ) and  (b)  medulla ( � ) with ASL 
and DCE MR imaging. Solid line denotes the mean, and dotted lines denote 1.96 standard deviation  (SD)  
bounds.   

101 mL/100 mL/min  6  21 in the medulla 
( n  = 15). RBF DCE  was 272 mL/100 mL/
min  6  60 in the cortex and 122 mL/100 
mL/min  6  30 in the medulla ( n  = 15). 
With the ASL technique, within-subject 
coeffi cient of variation was 7.9% in the 
cortex and 7.2% in the medulla. With 
the DCE technique, within-subject co-
effi cient of variation was 9.6% in the 
cortex and 19.1% in the medulla. 

 Discussion 

 ASL and DCE MR imaging have been 
used to obtain RBF measurements in 

several studies ( 3–6,10 ), although cross-
modal comparison has been lacking. 
It may be diffi cult to refer to the docu-
mented results without knowing whether 
the fl ow values obtained with the two 
techniques can be interpreted inter-
changeably. In our study, head-to-head 
comparison was performed at 3 T to 
meet this need. Our   results indicate 
that the renal perfusion values measured 
with ASL and DCE were correlated but 
not entirely comparable. Although ASL 
MR imaging and DCE MR imaging are 
feasible in the cortex, they are hindered 
in the measurement of perfusion in the 



Radiology: Volume 261: Number 3—December 2011 n radiology.rsna.org 851

 GENITOURINARY IMAGING:  Renal Perfusion 3-T MR Imaging Wu et al

our imaging protocol because of the 
increased specifi c absorption rate and 
loss of tags caused by nonideal inver-
sion of background suppression pulses 
( 28 ). 

 Respiratory motion is arguably a 
major challenge in abdominal MR im-
aging. In this regard, researchers ( 10 ) 
have suggested inclusion of respiratory 
gating to reduce motion-related degra-
dation in image quality, data corrup-
tion, or both. While prospective gat-
ing prolongs examination time even in 
collaborative subjects and may become 
impractical in patients, retrospective 
gating entails extended measurement 
to collect enough images in the same 
phase of respiration. For ASL imaging, 
retrospective gating is advantageous 
in providing time-effi cient measure-
ments at multiple respiratory phases 
as compared with prospective gating. 
However, if one wishes only to measure 
RBF without regard to separation of re-
spiratory phases, the long examination 
time is unnecessary. In our experience 
with multiple breath holds, reliable 
RBF measurements can be obtained 
with pseudocontinuous ASL imaging in 
5 minutes with interexamination rest in-
cluded. However, it should be noted that 
the newly proposed pseudocontinuous 
labeling scheme offers a 50% increase 
in SNR as compared with conventional 
pulsed ASL ( 16 ). On the basis of the 
square root relationship between SNR 
and the number of signals acquired, if 
one wishes to obtain the same SNR as 
in our experiment by using pulsed ASL, 
the examination time will have to be 
doubled (approximately 10 minutes). 
In that case, repeated breath holding 
is less desirable, as the imaging time is 
comparable to the length   when one uses 
retrospective gating ( 12 ). For DCE MR 
imaging, respiratory gating is incom-
patible with the requirement of track-
ing the contrast agent passage. Fortu-
nately, the kidneys are well perfused, 
and the fi rst pass of the contrast agent 
usually arrives within 15 seconds after 
injection and peaks no later than 20 
seconds thereafter. A breath hold of ap-
proximately 30 seconds can be endured 
by most subjects; however, this may not 
always be possible in all patients. 

about 15% of the tags were lost through 
glomerular fi ltration, outfl ow, or both. 
Because glomerular fi ltration rate is af-
fected by factors such as age, sex, and 
body size, subject-wise correction for 
the effect is expected to improve the 
accuracy of RBF ASL . Both the ASL and 
the DCE technique yield good precision 
(within-subject coeffi cient of variation, 
7.9% and 9.6%, respectively). 

 Among various ASL methods, we 
adopted the pseudocontinuous labeling 
scheme because it offers an optimal 
balance between SNR and tagging ef-
fi ciency ( 16 ), permitting RBF measure-
ment with an examination time that is 
short and adequate for our purpose. 
Since our protocol requires breath 
holding, the duration of each individual 
imaging pass and of the total examina-
tion has to be short enough to allow 
each subject to hold his or her breath 
in a stable and consistent pattern. One 
caveat about pseudocontinuous labeling 
is that its labeling effi ciency is suscep-
tible to magnetic fi eld inhomogeneity. 
This factor can be unfavorable to the 
free-breathing protocol for pseudocon-
tinuous ASL measurement of RBF be-
cause the perturbed air in the abdomen 
may alter the labeling effi ciency from 
measurement to measurement. In our 
study, we asked subjects to inhale fi rst 
and then hold their breath at the end of 
exhalation. This may have reduced the 
variation of fi eld homogeneity and thus 
the labeling effi ciency between mea-
surements. Nevertheless, the labeling 
effi ciency is likely to deviate from the 
ideal value (approximately 85% [ 16] ). 
To further reduce intersubject variabil-
ity, labeling effi ciency will need to be 
calibrated on a per-subject basis. 

 Another method with which to im-
prove the stability of ASL signal is back-
ground suppression ( 27 ), in which two to 
four inversion pulses are applied before 
the excitation radiofrequency pulse for 
data readout. The timing of background 
suppression pulses is adjusted such that 
by the time of readout excitation, the 
static tissues of a predetermined range 
of T1 will be close to zero, while the 
fl ow contrast between tag and control 
images is preserved. We currently do 
not include background suppression in 

these values were comparable with 
those in previous studies ( 10,11,25,26 ). 
However, we found that measurements 
obtained with ASL and DCE MR im-
aging lacked correlation ( r  = 0.32,  P  = 
.25) and consistency (ICC = 0.03) in the 
medulla. Thus, the fl ow values of the 
medulla should be interpreted with cau-
tion because the accuracy might have 
been compromised by two limitations: 
First, there was low signal-to-noise ratio 
and low contrast-to-noise ratio. While 
the SNR obtained with ASL MR imag-
ing ( , 4.0) does not enable reliable sep-
aration of the medulla from the back-
ground, the temporal contrast-to-noise 
ratio of DCE MR imaging ( , 3.0) is 
marginal for robust deconvolution. Sec-
ond, neither of the quantitative models 
that we adopted for ASL and DCE imag-
ing accounts for the clearance of con-
trast material (water and gadopentetate 
dimeglumine) through medullary pyr-
amids. As a result, the following dis-
cussion will be focused on cortical fl ow 
measurement. 

 With per-subject back-to-back ASL 
and DCE MR imaging, we have shown 
that these two techniques enable line-
arly correlated fl ow measurement in 
the renal cortex ( r  = 0.66,  P  = .05, 
statistical power = 0.8); however, the 
ASL technique tends to yield lower 
RBF measurements than does the DCE 
technique (RBF ASL  = 0.33  3  RBF DCE  1 
137.07), yielding merely fair agreement 
between ASL and DCE fi ndings (ICC = 
0.41). This discrepancy could be the re-
sult of overestimation of RBF with the 
DCE technique because of residual sig-
nal saturation in the artery, error prop-
agation from deconvolution, or both. 
The discrepancy could also be caused 
by underestimation of RBF ASL  due to 
unanticipated loss of tagging effi ciency. 
Furthermore, the ASL model assumes 
retention of tags in the capillary bed; 
this is generally appropriate in the 
brain, but it may not be appropriate in 
the kidneys considering their high fl ow 
rate, the absence of a blood-brain bar-
rier, and the fi ltration function. If tags 
leave the capillary bed before image ac-
quisition and such loss is not accounted 
for, RBF ASL  will be underestimated. By 
using RBF DCE  as a reference standard, 
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