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 Purpose: To assess the accuracy of glomerular fi ltration rate (GFR) 
measurements obtained with low–contrast agent dose dy-
namic contrast material–enhanced magnetic resonance 
(MR) renography in patients with liver cirrhosis who un-
derwent routine liver MR imaging, with urinary clearance 
of technetium 99m ( 99m Tc) pentetic acid (DTPA) as the 
reference standard.

 Materials and 
Methods: 

This HIPAA-compliant study was institutional review board 
approved. Written informed patient consent was obtained. 
Twenty patients with cirrhosis (14 men, six women; age 
range, 41–70 years; mean age, 54.6 years) who were sched-
uled for routine 1.5-T liver MR examinations to screen for 
hepatocellular carcinoma during a 6-month period were 
prospectively included. Five-minute MR renography with 
a 3-mL dose of gadoteridol was performed instead of a 
routine test-dose timing examination. The GFR was es-
timated at MR imaging with use of two kinetic models. 
In one model, only the signal intensities in the aorta and 
kidney parenchyma were considered, and in the other, re-
nal cortical and medullary signal intensities were treated 
separately. The GFR was also calculated by using serum 
creatinine levels according to the Cockcroft-Gault and 
modifi cation of diet in renal disease (MDRD) formulas. 
All patients underwent a  99m Tc-DTPA urinary clearance 
examination on the same day to obtain a reference GFR 
measurement. The accuracies of all MR- and creatinine-
based GFR estimations were compared by using Wilcoxon 
signed rank tests.

 Results: The mean reference GFR, based on  99m Tc-DTPA clearance, 
was 74.9 mL/min/1.73 m 2   6  27.7 (standard deviation) 
(range, 10.3–120.7 mL/min/1.73 m 2 ). With both kinetic 
models, 95% of MR-based GFRs were within 30% of the 
reference values, whereas only 40% and 60% of Cockcroft-
Gault– and MDRD-based GFRs, respectively, were within 
this range. MR-based GFR estimates were signifi cantly more 
accurate than creatinine level–based estimates ( P   ,  .001).

 Conclusion: GFR assessment with MR imaging, which outperformed 
the Cockcroft-Gault and MDRD formulas, adds less than 
10 minutes of table time to a clinically indicated liver MR 
examination without ionizing radiation.

 q  RSNA, 2011

Supplemental material:  http://radiology.rsna.org/lookup
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were on a transplant list and were re-
ferred from the NYU Langone Medical 
Center Transplant Clinic for routine 
liver MR imaging were invited to partici-
pate in this study. Exclusion criteria in-
cluded an MDRD-based GFR lower than 
15 mL/min/1.73 m 2 , dialysis treatment, 
and pregnancy. Twenty consecutive pa-
tients with cirrhosis were enrolled. This 
Health Insurance Portability and Ac-
countability Act–compliant study was 
approved by our institutional review 
board, and written informed consent 
was obtained from all patients. 

 The severity of liver disease was as-
sessed by using Child-Pugh class ( 15 ) 
and model for end-stage liver disease 
scores ( 16,17 ). All patients underwent 
an MR examination that included MR 
renography and liver MR imaging, as 
well as a radionuclide clearance study 
on the same day to determine reference 
GFRs. 

 MR Imaging 
 MR imaging was performed at 1.5 T 
(Avanto; Siemens Medical Solutions, 
Erlangen, Germany). We followed a 
standard protocol for contrast-enhanced 
liver MR imaging ( Table 1  ). For GFR as-
sessment, the MR renographic sequence 
involved a nonselective saturation- recovery 

in renal disease (MDRD) formula ( 9 ). 
Neither of these formulas is accurate in 
patients with cirrhosis, leading to over-
estimations of the true GFR ( 4–6 ). 

 More accurate methods of assess-
ing the GFR in patients with cirrhosis 
are based on the urinary clearance of 
exogenous substances that are fi ltered 
solely at the glomeruli, such as inulin 
and radioactive tracers ( 10,11 ). These 
techniques are cumbersome and time 
consuming, however, and thus are not 
used in routine clinical practice. 

 Many patients with cirrhosis rou-
tinely undergo imaging, typically magnetic 
resonance (MR) imaging or computed 
tomography, to screen for hepatocellular 
carcinoma, for which they are at high 
risk. Recent advances in MR renogra-
phy ( 12,13 ) enable radiologists to esti-
mate the GFR in a few minutes by using 
a low dose of a gadolinium-based con-
trast agent (GBCA) ( 14 ). Therefore, we 
hypothesized that during routine liver 
MR imaging, low-dose MR renography 
could be performed to assess the GFR 
without a substantial increase in time 
or resources. Our goal in this prospec-
tive study was to assess the accuracy of 
GFR measurements obtained by using 
dynamic low-dose contrast material–en-
hanced MR renography in patients with 
cirrhosis who underwent routine liver 
MR imaging, with urinary clearance of 
technetium 99m ( 99m Tc) pentetic acid 
(DTPA) as the reference standard. 

 Materials and Methods 

 Patients 
 Between April 2009 and September 
2009, all patients with cirrhosis who 

             The glomerular fi ltration rate (GFR) 
is an important factor in tailor-
ing drug regimens and monitoring 

patients with liver cirrhosis. Because 
there is considerable evidence of al-
tered renal function in these patients 
( 1,2 ), the model for end-stage liver dis-
ease, or MELD, score, which is widely 
used to predict the likelihood of death 
within 3 months without liver trans-
plantation, includes the serum creati-
nine value. This score is used for pri-
oritization of transplant recipients in 
the United States ( 3 ). However, inves-
tigators in several studies have pointed 
out the problems with the current tech-
niques for assessing renal function in 
patients with cirrhosis ( 4–6 ). Many con-
ditions associated with liver disease 
(decreased muscle mass, anorexia, 
protein-restricted diet, hyperbilirubine-
mia, decreased hepatic creatine synthesis, 
increased tubular creatinine secretion, 
and abnormal fl uid status) contribute 
to misleadingly low serum creatinine 
concentrations, even in the presence of 
moderate to severe renal impairment. 
This explains why normal or low creati-
nine values can be measured in patients 
with cirrhosis who have end-stage renal 
disease ( 7 ). The GFR is routinely es-
timated by using two creatinine level–
based formulas: the Cockcroft-Gault for-
mula ( 8 ) and the modifi cation of diet 

 Implication for Patient Care 

 Axial MR whole-kidney assess- n

ment of GFR (root mean square 
error, 12.9 mL/min/1.73 m 2 ) in 
patients with cirrhosis, performed 
as an adjunct to routine liver MR 
examination, appears to yield 
better accuracy than does creati-
nine level–based Cockcroft-Gault 
GFR estimates (root mean square 
error, 34.9 mL/min/1.73 m 2 ). 

 Advances in Knowledge 

 MR estimation of the glomerular  n

fi ltration rate (GFR) can be per-
formed during routine liver MR 
imaging in patients with cirrhosis 
by using low–contrast agent dose 
renography. 

 MR-based GFR measurements  n

are signifi cantly more accurate 
( P   ,  .001) than Cockcroft-Gault 
and modifi cation of diet in renal 
disease (MDRD) GFR estimates 
in patients with cirrhosis; 95% of 
MR-based GFRs in the current 
study were within 30% of the 
reference values, whereas only 
40% and 60% of the Cockcroft-
Gault– and MDRD-based GFRs, 
respectively, were within this 
range. 

  Published online before print  
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 MR Image Postprocessing 
 All MR images were processed off 
line independently by three observers 
(P.H.V., A.Y., K.T., 6, 12, and 0 years 
of experience in abdominal imaging, 
respectively) who were blinded to the 
other GFR measurements. Kidney volume 
measurements and renographic image 
data were processed separately. Medulla 
and cortex volumes were measured on 
the arterial phase three-dimensional 
dynamic contrast-enhanced images by 
using a validated segmentation algo-
rithm based on graph cuts ( 18 ). 

 For renographic analysis, all (proton-
density–weighted and renographic) MR 
images corresponding to each of the four 
sections were gathered and processed 
at the same time with the same regions 
of interest (ROIs) by using ImageJ MR 
Urography Plugin software (Rouen Uni-
versity, Rouen, France) ( 19 ). The axial 
images required little or no registration. 
The coronal images were manually reg-
istered. The boundaries of the kidneys 
were drawn on one frame (reference 
frame) that represented the most com-
mon position of the kidney during the 
respiratory cycle. Then, all other frames 

of 2 mL/min and followed by a 20-mL 
saline fl ush at the same rate. The reno-
graphic sequence (with the four-image 
set) was continued for 5 minutes after 
the contrast agent injection. Patients 
were instructed to breath normally dur-
ing the acquisition. 

 After the renographic acquisition, 
standard three-dimensional dynamic 
contrast-enhanced MR imaging of the 
liver was performed at four phases (ar-
terial phase; then arteriovenous, portal 
venous, and delayed phases 5, 60, and 
180 seconds, respectively, after the end 
of the arterial acquisition) with breath 
holding after the injection of 0.1 mmol 
of gadoteridol per kilogram of body 
weight (maximal dose, 20 mL) at 2 mL/
sec and a saline fl ush. The three-dimen-
sional slab was prescribed to include 
the kidneys. This allowed accurate mea-
surements of the cortical and medullary 
volumes to be obtained from the three-
dimensional images acquired during the 
arterial phase acquisition. The optimal 
timing to launch the dynamic contrast-
enhanced sequence for arterial phase 
imaging was determined from the reno-
graphic image fi ndings. 

prepulse followed by a centrically ordered 
low-fl ip-angle gradient-echo (ie, saturation-
recovery turbo fast low-angle shot) read-
out. Four sections were prescribed ( Fig 1  ): 
one coronal section through the aorta 
to measure the arterial input function, 
one coronal section through the long axis 
of both kidneys, and two axial sections—
one each through the middle of each 
kidney. To enable conversion of the sig-
nal intensities to T1 values, the same 
sequence was performed before the 
contrast agent injection without the sat-
uration prepulse and with a long repeti-
tion time to obtain a set of proton-density–
weighted images. This provided an es-
timate of the asymptote of the signal 
recovery curve. 

 The temporal resolution of the 
saturation-recovery renography sequence 
was 2.1 seconds for each set of four im-
ages. Fifteen image sets were acquired 
before the contrast agent injection to 
obtain an accurate baseline measure-
ment. Contrast-enhanced MR renogra-
phy was performed after the intrave-
nous injection of 3 mL of gadoteridol 
(ProHance; Bracco Diagnostics, Milan, 
Italy), which was administered at a rate 

 Table 1 

 MR Parameters Used for GFR Measurement and Routine Liver Imaging 

Parameter M 
0
 -based GFR Measurement * MR Renography–based GFR Measurement Liver Imaging  †  

MR examination  ‡  2D proton density–weighted turbo FLASH 2D T1-weighted saturation-recovery turbo FLASH 3D T1-weighted VIBE
No. of sections 4 4 One slab
Section thickness (mm) 7.0 7.0 2.2
Repetition time (msec) 4000 526 3.79
Echo time (msec) 1.21 1.21 1.36
Inversion time (msec) … 300 …
Flip angle (degrees) 16 16 12
Fat saturation No No Yes
Bandwidth (Hz/pixel) 1015 1015 390
Field of view (mm) 382  3  420 382  3  420 Adjusted, typically 300  3  400
Acquisition matrix 154  3  176 154  3  176 Adjusted, typically 115  3  256
Interpolated matrix 320  3  352 320  3  352 Typically 184  3  256
Breathing protocol Free breathing Free breathing Breath hold
No. of time points 6 per section At baseline, 15 per section; after injection, 

 142 per section
92–112 per Slab

Temporal resolution 4 Seconds per section 526 msec per section 13 Seconds per slab
Total acquisition time 96 Seconds At baseline, 32 seconds; after injection, 5 minutes 3 Minutes

* M 0  = asymptote of the signal recovery.

 †  Routine dynamic contrast-enhanced liver MR imaging. VIBE = volumetric interpolated breath-hold examination (a fat-suppressed interpolated gradient-echo sequence).

 ‡  All three MR examinations were performed with a spoiled gradient-echo sequence by using a generalized autocalibrating partially parallel acquisition factor of two and one acquired signal. FLASH = 
fast low-angle shot, 3D = three-dimensional, 2D = two-dimensional.
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(such as GFR, renal plasma fl ow, and 
transit time) to match the model curve 
with the measured data. 

 We tested two kinetic models for 
calculating the GFR ( Fig 2 , Appendix 
E1 [online]): The fi rst model, the MR 
whole-kidney model, involved the use of 
a single IRF to characterize the signal 
intensity of the whole-kidney paren-
chyma, with the signal intensities of the 
cortex and medulla combined ( 21 ). This 
calculation was performed separately 
by using axial and coronal MR imaging. 
The second model, the MR corticome-
dullary model, involved the use of two 
IRFs to characterize the signal inten-
sities of the cortex and medulla sepa-
rately, with the IRFs for the cortex and 
medulla fi tted to cortical and medullary 
concentration-time curves, respectively 
( 13 ). Hence, for each subject, three MR-
based GFR estimates were determined. 

 T1 values were then converted to 
gadoteridol concentrations by using 
the following equation: 1/T1( t ) = 1/T1 0  + 
 r  1  ⋅  C(t),  where T1 0  is the T1 at base-
line,  r  1  is the known specifi c relaxivity 
of gadoteridol (4.1 L ⋅ mmol  2 1  ⋅ sec  2 1  
[ 20] ), and  C(t)  is the concentration of 
gadoteridol at time  t.  

 To calculate the GFR, we used an 
IRF compartmental model approach. An 
IRF is a function giving the probability 
that a molecule (ie, impulse input) that 
entered a compartment at time 0 is still 
in the compartment at time  t.  Convolv-
ing the IRF of the kidney parenchyma 
with its arterial input function (mea-
sured as the GBCA concentration in the 
aorta) yields the GBCA concentration-
time curve in the parenchyma, or the 
renogram. Depending on the complex-
ity of the kinetic model, a variable num-
ber of IRF parameters need to be fi tted 

were translated to align the renal bound-
aries as much as possible with the mask 
drawn of the reference frame. ROIs 
were drawn ( Fig 2  )  (a)  over the aorta 
at the level of the renal arteries on the 
coronal section (typically 150 analyzed 
pixels, 215 mm 2 );  (b)  over the kidney 
parenchyma on the axial (650–800 ana-
lyzed pixels, 930–1150 mm 2 ) and coro-
nal (1400–1800 analyzed pixels, 2000–
2600 mm 2 ) images;  (c)  over the cortex 
on the axial images (150–170 analyzed 
pixels, 215–245 mm 2 ), with ROIs placed 
over the paravertebral cortex because 
regions drawn in this location required 
minimal adjustment for respiratory mo-
tion; and  (d)  over the medulla on the 
coronal images, with two to four ROIs 
drawn on each kidney (30–80 pixels per 
ROI, 45–115 mm 2 ). 

 The signal intensity of the medulla 
could not be reliably measured on the 
axial images owing to respiratory mo-
tion. Similarly, the signal intensity of the 
cortex only was not measured on coro-
nal images because of errors introduced 
by partial volume effects, through-plane 
motion, and misregistration. The ob-
servers were asked to estimate the time 
spent for postprocessing because the 
postprocessing duration was not precisely 
recorded and the reported times were 
based on the observers’ statements. 

 MR-based GFR Calculations 
 To measure the GFR with MR imaging, 
signal intensities were measured on the 
renographic images and converted fi rst 
to T1 values and then to gadoteridol 
concentrations. To convert signal in-
tensities to T1 values, the asymptote 
of the signal recovery ( M  0 ) was mea-
sured from ROIs drawn on the baseline 
proton-density–weighted images. T1 
values were then calculated from the 
measured signal intensities by using the 
saturation-recovery turbo fast low-angle 
shot sequence formula: SI( t ) =  M  0   3  
(1  2  e  2 TI/T1(   t   ) ), where SI is the signal 
intensity and SI( t ) was measured by us-
ing ROIs on the renographic images at 
the time  t,   M  0  was the signal intensity 
measured by using the same ROIs on 
the proton-density–weighted images, and 
the inversion (or saturation) time (TI) 
was 300 msec. 

 Figure 1 

  
  Figure 1:  Four MR renographic sections obtained during arterial phase after injection of 3 mL of gadoteri-
dol:  (a)  coronal section through aorta,  (b)  axial section through middle portion of right kidney,  (c)  coronal 
section through long axis of both kidneys, and  (d)  axial section through middle portion of left kidney 
are shown.   
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 Reference GFR Calculation 
 For all subjects, a reference GFR (GFR R ) 
was derived from the urinary clearance 
of  99m Tc-DTPA, which was tested on 
the same day that MR renography was 
performed. After an intravenous bolus 
injection of 5 mCi (185 MBq)  99m Tc-
DTPA and a 1-hour equilibrium period, 
two 90-minute urine samples were 
collected—at 150 and 240 minutes af-
ter the injection. Blood samples were 
collected 60, 150, and 240 minutes 
after the injection. Urinary clearance 
was computed as follows: GFR R  = 
( U  ⋅  V )/ P,  where  U  is the counts per 
minute per milliliter of urine sample, 
 V  is the urine fl ow rate in milliliters 
per minute, and  P  is the log average of 
counts per minute in serum samples 
bracketing each urine collection ( 11,22 ). 
The reference GFR was defi ned as the 
average of the two measurements (at 
150 and 240 minutes). 

 Effect of MR Renography Contrast 
on Liver MR Imaging 
 For the MR renography protocol, we 
used a 3-mL dose of GBCA on the ba-
sis of protocols in prior optimization 
studies ( 23 ). During routine liver MR 
examinations, our standard of care is 
to use 1 mL of contrast material for a 
timing bolus. Because the timing bolus 
test was replaced with the MR reno-
graphic examination, we also assessed 
the effect of the slightly larger 3-mL 
dose, as compared with our standard 
timing bolus dose, on the diagnostic 
quality of the subsequently performed 
dynamic contrast-enhanced liver imag-
ing examination. For this portion of 
the study, 40 consecutive control sub-
jects recruited from the same initial 
population of patients with cirrhosis 
as our study patients were examined 
and were imaged by using our regu-
lar liver protocol only. This included 
a timing bolus examination with 1 mL 
of gadopentetate dimeglumine (Mag-
nevist; Bayer Healthcare, Wayne, NJ) 
performed before the injection of the 
full dose (0.1 mmol/kg with maximal 
dose of 20 mL). The institutional re-
view board waived the requirement 
of informed consent for the control 
patients. 

difference between the convoluted IRF 
curves and the measured GBCA con-
centration curves. The GFR was fi tted 
for each kidney separately. The MR-
based GFR was then computed as the 
sum of the left and right single-kidney 
GFRs. 

Details about the two kinetic models 
are provided in Appendix E1 (online). 

 The IRF parameters were adjusted 
by means of least squares fi tting with 
the Levenberg-Marquardt algorithm 
in the Matlab program (MathWorks, 
Natick, Mass) to minimize the residual 

 Figure 2 

  
  Figure 2:  Diagram illustrates two models used to calculate GFR from MR GBCA  (Gd)  concentration curves. 
 (a)  With MR whole-kidney  (WK)  model, arterial input function  (AIF)  (ie, GBCA-concentration in aorta) is con-
volved by using impulse retention function  (IRF)  of whole-kidney parenchyma to fi t whole-kidney parenchymal 
renogram. The best fi t determines the values of the unknown parameters of the IRF, one of which is the GFR. 
 (b)  With MR corticomedullary model, arterial input function is convolved by a cortical  (Cx)  IRF and a medullary 
 (Med)  IRF ,  which are then fi tted to the cortex and medulla renograms, respectively.   
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 The median difference between the 
MR-based GFR estimates and the refer-
ence values ranged between  2 4.1 and 
 2 7.7 mL/min/1.73 m 2  ( Table 3  ). The 
GFRs estimated by using the Cockcroft-
Gault and MDRD formulas exceeded the 
reference GFRs by median differences 
of 27.4 and 17.5 mL/min/1.73 m 2 , re-
spectively ( Fig 3  ). 

 Ninety-fi ve percent of the MR-based 
GFRs estimated by using both of the ki-
netic models (MR whole-kidney and MR 
corticomedullary models) were within 
30% of the true values. Only 40% and 
60% of the values calculated by using 
the Cockcroft-Gault and MDRD formu-
las were within this range. Regardless 
of the error measures used, all MR-
based GFR estimators were more accu-
rate than the creatinine level–based for-
mulas ( P   ,  .001 for each comparison). 
Reference GFR was poorly but signifi -
cantly and inversely correlated with 
Child-Pugh score ( R  2  = 0.24,  P  = .03). 
Mean reference GFRs in the Child-Pugh 

 With use of separate MR data from 
the three readers, the interobserver re-
producibility of the MR estimates was 
assessed in terms of intraclass corre-
lation coeffi cients and within-patient 
coeffi cients of variation. A likelihood 
ratio test in the context of mixed-model 
regression was performed to compare 
the MR-based and reference GFRs in 
terms of within-subject coeffi cients of 
variation. For this comparison, the GFRs 
were standardized to have a unit mean 
and a standard deviation equal to the 
coeffi cient of variation for the relevant 
method; each observed value was di-
vided by its respective mean. 

 Analysis of variance was used to 
compare the patients with Child-Pugh 
class A, B, or C cirrhosis in terms of 
reference GFRs and errors in creatinine 
level– and MR-based GFR estimates. 
For this purpose, the MR-based GFRs 
of the three observers were averaged. 
To eliminate the unnecessary assump-
tion of variance homogeneity, the error 
variance was allowed to differ across 
patient groups. For each measure, two 
analyses were conducted: one with the 
observed data used as the dependent 
variable and the other with the ranks 
of the observed data used. The analysis 
based on ranks was performed to con-
fi rm that signifi cant fi ndings were not a 
spurious consequence of outliers in the 
data. 

 To assess the effect of MR renog-
raphy (with 3 mL of gadoteridol) on 
subsequently performed arterial phase 
contrast-enhanced liver MR imaging, 
contrast ratios on the liver images ob-
tained in the study and control patients 
were compared by using the exact 
Mann-Whitney test. All reported  P  val-
ues were two-sided.  P   ,  .05 indicated 
statistical signifi cance. SAS, version 9.0 
(SAS Institute, Cary, NC), was used to 
perform all statistical computations. 

 Results 

 The mean reference GFR was 74.9 
mL/min/1.73 m 2   6  27.7 (standard de-
viation) (range, 10.3–120.7). Six of the 
20 patients had Child-Pugh class A, 
11 had Child-Pugh class B, and three had 
Child-Pugh class C cirrhosis ( Table 2  ). 

 One radiologist (R.P.L., 9 years of 
experience in abdominal imaging), who 
was not involved in the MR-based GFR 
evaluation, analyzed the liver images 
obtained in the 20 patients enrolled in 
our study and in the 40 control patients. 
This observer was blinded to patient 
identities and the control or study pa-
tient classifi cation. 

 Image analysis entailed drawing ROIs 
in the common hepatic artery before 
dividing this vessel and in the liver pa-
renchyma lateral to the hepatic artery 
on the same section. The analysis was 
performed by using three-dimensional 
contrast-enhanced arterial phase im-
ages. The hepatic artery signal inten-
sity (8–25 pixels per ROI, 20–60 mm 2 ) 
was divided by the liver signal inten-
sity (250–300 pixels per ROI, 600–750 
mm 2 ), and the resultant quotient was 
defi ned as the contrast ratio. 

 Laboratory Tests 
 Standardized serum creatinine, albumin, 
and bilirubin levels, and the interna-
tional normalized ratio were measured 
the day of the MR examinations. The 
creatinine level–based GFR was calcu-
lated by using the Cockcroft-Gault ( 8 ) 
and MDRD ( 24 ) formulas. All GFR re-
sults were expressed in milliliters per 
minute per 1.73 m 2 . 

 Statistical Analyses 
 The accuracy of the GFR estimates was 
summarized as the median difference 
(bias) and the root mean square error 
between the GFR estimates and the ref-
erence GFRs. Agreement between the 
calculated and reference GFRs was as-
sessed in terms of concordance correla-
tion coeffi cients ( 25 ). The MR-based and 
creatinine level–based GFR estimates 
were compared in terms of the abso-
lute error (difference between refer-
ence and calculated GFRs) by using the 
Wilcoxon signed rank test. For this pur-
pose, the MR-based GFRs determined 
by the three observers were averaged. 
According to the National Kidney Foun-
dation guidelines ( 26 ), accuracy was 
also reported in terms of the percentage 
of GFR estimates that fell within 10%, 
30%, and 50% above or below the mea-
sured GFR. 

 Table 2 

 Patient Characteristics 

Characteristic Value

No. of patients 20

No. of male patients 14
No. of African-American 
  patients

3

Age (y) 54.6  6  7.9
Height (cm) 171.8  6  8.5
Weight (kg) 82.7  6  15.7
BSA (m 2 ) 2.0  6  0.2
Cause of cirrhosis * 
 Viral hepatitis 14
 Alcohol 4
 Other 2
Child-Pugh score 7.5  6  1.9
MELD score 13.7  6  7.3
History of ascites or edema * 13
History of encephalopathy * 7
INR 1.2  6  0.2
Albumin level (mg/dL) 3.5  6  0.7
Total bilirubin level (mg/dL) 1.7  6  1
Creatinine level (mg/dL) 0.9  6  0.6

Note.—Unless otherwise noted, data are means  6  
standard deviations. BSA = body surface area, INR = 
international normalized ratio, MELD = model for end-
stage liver disease.

* Data are numbers of patients.
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 Discussion 

 Accurate GFR assessment is of utmost 
importance in patients with cirrhosis, 
not only because these individuals are 
prone to having renal insuffi ciency but 
also because the GFR is a major prog-
nostic factor that infl uences both the 
priority status for hepatic transplanta-
tion and the decision to perform com-
bined liver-kidney transplantation ( 27 ). 
Because it requires less than 10 minutes 
of imaging time without radiation expo-
sure, GFR determination during routine 
liver MR imaging may improve the clinical 
management of patients with cirrhosis. 

 In our series of 20 patients, MR-
based GFR measurements proved to be 
feasible in patients with cirrhosis and 
required less than 10 minutes of added 
table time. When urinary clearance of 
 99m Tc-DTPA was used as the reference-
standard method for GFR measurement, 
all MR-based GFR estimation methods 
were signifi cantly more accurate than 
the Cockcroft-Gault and MDRD meth-
ods, yielding an almost threefold reduc-
tion in the root mean square error. Use 
of the Cockcroft-Gault and MDRD for-
mulas led to dramatically overestimated 
reference GFRs—by 27.4 and 17.5 mL/
min/1.73 m 2  (median difference), re-
spectively. Our results are in agreement 
with those of Skluzacek et al ( 11 ), with 
whom the true GFR was overestimated 
by 30.1 and 18.7 mL/min/1.73 m 2  with 
use of the Cockcroft-Gault and MDRD 
formulas, respectively, in 19 patients 
with cirrhosis of a more advanced stage 

all MR-based GFR estimates ranged 
between 0.94 and 0.96, and coef-
fi cients of variation ranged between 
7.4 and 8.8. MR-based GFR estimates 
were not signifi cantly different from each 
other in terms of coeffi cients of varia-
tion ( P   .  .35). 

 Other MR Parameters 
 In the study patients, mean precontrast 
baseline T1 values were 924 msec  6  
145, 1306 msec  6  215, and 1394 msec 
 6  124 for the cortex, medulla, and 
blood, respectively. 

 Volume measurements, including 
those obtained by using registration 
and segmentation of the cortex and 
medulla, required about 30 minutes per 
kidney. Postprocessing of renographic 
images required 45 minutes per kidney, 
mainly because of the need for manual 
registration of the coronal images. Post-
processing for the axial whole-kidney 
model alone required approximately 
2–5 minutes per kidney. 

 Effect of MR Renography Contrast 
on Liver MR Imaging 
 The mean contrast ratio for the arterial 
phase dynamic contrast-enhanced im-
ages in the study patients, who received 
3 mL of gadoteridol for MR renography, 
was 1.91  6  0.51 (standard deviation) 
compared with 1.97  6  0.45 in the con-
trol patients, who received 1 mL of ga-
dopentetate dimeglumine for test bolus 
timing ( P  = .54). 

class A, B, and C cirrhosis groups were 
90.3 mL/min/1.73 m 2   6  18.1, 76.2 mL/
min/1.73 m 2   6  22.8, and 39.4 mL/
min/1.73 m 2   6  35.6, respectively, with 
values in the Child-Pugh class A group 
being signifi cantly different from those 
in the Child-Pugh class C group ( P   ,  
.04). Errors in the GFR measurements 
obtained by using creatinine level– and 
MR-based estimators were not signifi -
cantly correlated with Child-Pugh score 
( P   .  .10). 

 Intraclass correlation coeffi cients 
for the interobserver reproducibility of 

 Table 3 

 Accuracy of GFR Estimation Methods and Correlations with Reference GFR 

Estimation Method Median Difference (Bias) RMSE  6 10% *  6 30% *  6 50% * 
Concordance Correlation 
Coeffi cient  †  

Correlation with
Reference GFR

 R   2  P  Value

Cockcroft-Gault 27.4 34.9 10 40 75 0.52 (0.26, 0.71) 0.61  , 10  2 4 
MDRD 17.5 37.8 15 60 80 0.48 (0.21, 0.69) 0.58  , 10  2 4 
Axial MR–WK  2 4.1 12.9 40 95 95 0.87 (0.72, 0.94) 0.79  , 10  2 6 
Coronal MR–WK  2 7.3 12.8 35 95 95 0.87 (0.73, 0.94) 0.83  , 10  2 6 
MR-CM  2 7.7 12.8 35 95 95 0.87 (0.73, 0.94) 0.83  , 10  2 6 

Note.—Median difference and root mean square error (RMSE, difference between estimated and reference GFRs) are expressed in milliliters per minute per 1.73 square meters. MR-CM = MR 
corticomedullary, MR-WK = MR whole-kidney,  R   2  = coeffi cient of determination.

* Data are the percentages of estimated GFRs, derived by using the given methods, that were within plus or minus 10%, 30%, or 50% of the reference GFRs.

 †  Numbers in parentheses are 95% confi dence intervals.

 Figure 3 

  
  Figure 3:  Graph illustrates MDRD-based and 
axial MR whole-kidney GFRs versus reference GFRs. 
Line indicates line of equality. MR-based GFRs are 
signifi cantly more accurate than MDRD-based GFRs 
( P   ,  .001).  �  = Axial MR whole-kidney GFR. 
 �  = MDRD-based GFR.   
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(32 mL/min/1.73 m 2 ) estimation meth-
ods yielded overestimated GFRs. Ga-
doteridol was chosen because it is con-
sidered the safest of the fi ve Food and 
Drug Administration–approved GBCAs 
( 33,34 ). The macrocyclic structure of 
the ligand (HP-DO3A) of gadoteridol, 
as compared with the other agents, 
provides a high thermodynamic stabil-
ity coeffi cient, minimizing the potential 
release of free toxic gadolinium. 

 The availability of new liver-specifi c 
contrast agents for liver MR imaging 
affords new opportunities for the im-
proved diagnosis of liver abnormalities, 
including differentiation between meta-
static disease and primary liver cancers 
( 35 ). The role of these agents in the 
evaluation of patients with cirrhosis who 
are at risk of developing hepatocellular 
carcinoma is still not clear ( 36 ). Never-
theless, for agents that have substantial 
renal clearance, the proposed method 
may be adapted to enable the estima-
tion of GFR; this is an area of future 
research. 

 Although we examined only 20 pa-
tients, a wide range of GFRs were mea-
sured in these subjects (10.3–120.7 
mL/min/1.73 m 2 ). The patients also 
had different severities of liver cirrhosis. 
We found no signifi cant differences in 
degrees of creatinine level–based GFR 
underestimation relative to reference 
GFRs across the Child-Pugh class groups. 
However, a larger study is needed to 
evaluate these subgroups more carefully. 

 MR renography yields accurate and 
precise measurements of GFR in pa-
tients with cirrhosis and signifi cantly 
outperforms the Cockcroft-Gault and 
MDRD methods. MR renography adds 
less than 10 minutes of table time to 
a clinically indicated liver MR examina-
tion, requires an additional 1 or 2 mL 
of GBCA, and is performed by using 
commercially available sequences. 
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 Our MR renographic protocol re-
quires an additional 5 1/2 minutes (post-
processing time of 35–75 minutes per 
kidney, depending on the model used) 
and a GBCA dose that is only slightly 
more than the 1–2 mL commonly used 
as a test bolus for timing examinations. 
In our protocol, the overall dose of 
GBCA was kept lower than or equal to 
23 mL for the overall examination. To 
address the concern that a dose of 3 mL 
for MR renography might interfere with 
subsequent liver imaging, we compared 
the hepatic arterial enhancement in our 
subjects with the enhancement in an-
other group of patients with cirrhosis 
who received 1 mL GBCA for a timing 
examination and 14–19 mL for liver MR 
imaging. We used the hepatic arterial 
enhancement during the arterial phase 
as a surrogate for potential detectability 
of any arterially enhancing lesions such 
as hepatocellular carcinoma. The arte-
rial phase contrast was almost identical 
across the two groups. 

 This study was limited in that we did 
not compare the actual detectability of 
the liver lesions between the two proto-
cols in the same subjects. Another po-
tential limitation was that our standard 
liver imaging protocol involves the use 
of gadopentetate dimeglumine, where-
as we used gadoteridol for the patients 
who underwent MR renography. How-
ever, these two contrast agents have the 
same reported relaxivity at body tem-
perature, 4.1 L ⋅ mmol  2 1  ⋅ sec  2 1  ( 20 ), 
and, thus, the results should not have 
been affected. 

 There is another potential downside 
to using GBCAs in patients with cirrho-
sis, particularly those with renal insuf-
fi ciency. The use of GBCA in patients 
with chronic kidney disease may induce 
nephrogenic systemic fi brosis ( 32 ). With 
the institutional review board–approved 
protocol in our study, enrollment was re-
stricted to those with an estimated GFR 
(according the MDRD method) greater 
than or equal to 15 mL/min/1.73 m 2 . In 
fact, based on the reference GFRs, one 
subject had a true GFR lower than 15 
mL/min/1.73 m 2 , refl ecting the inaccu-
racy of the MDRD estimation method. 
In this case, both the MDRD-based 
(40.8 mL/min/1.73 m 2 ) and MR-based 

compared with the cirrhosis stages of 
our subjects (Child-Pugh scores 9.4 vs 
7.5). The three MR-based GFR estima-
tors compared yielded similar root mean 
square errors. The axial MR whole-
kidney model rendered the smallest bias, 
with a median difference relative to the 
reference GFR of  2 4.1 mL/min/1.73 m 2 . 
The MR-based GFR also appeared to be 
precise. Our interobserver study yielded 
good reproducibility. 

 We used the urinary clearance of 
 99m Tc-DTPA as the reference-standard 
technique for GFR measurement. Uri-
nary clearance has been shown to out-
perform plasma clearance because of 
the extrarenal clearance of tracer into 
ascites and/or edema ( 10,11 ). However, 
despite being the preferred method for 
patients with cirrhosis, urinary clear-
ance depends on accurate urine sample 
collections. Moreover, urinary clear-
ance of radioactive tracers or inulin is 
cumbersome and expensive and thus is 
rarely performed. In contrast, MR im-
aging is often performed in patients 
with cirrhosis who are scheduled for 
transplantation. MR-based GFR assess-
ment does not require any urine fl ow 
measurement, and the calculations are 
not affected by extrarenal clearance. 
Moreover, MR-based GFR assessment 
yields separate estimates of right and 
left single-kidney function. 

 Postprocessing with use of the MR 
whole-kidney model is fast and straight-
forward because the cortex and medulla 
do not require separate segmentations. 
Axial images have an advantage over 
coronal images: They do not require 
substantial registration. For these rea-
sons, the whole-kidney model applied 
to axial data may be preferable. 

 Our GFR measurement method 
depends on accurate measurements of 
T1 for conversion of measured signal 
intensities to GBCA concentrations. With 
use of our separate proton-density–
weighted measurements, our baseline 
T1 values were in agreement with those 
for the cortex (966 msec  6  58 [ 28 ], 
882 msec  6  59 [ 29] ), medulla (1412 
msec  6  58 [ 28 ], 1163 msec  6  118 [ 29 ]), 
and blood (1318 msec  6  76 [ 30 ], 1434 
msec  6  48 [ 31 ]) at 1.5 T cited in the 
literature. 
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