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 Purpose: To investigate whether variability in reported renal apparent 
diffusion coeffi cient (ADC  ) values in literature can be 
explained by the use of different diffusion weightings 
( b  values) and the use of a monoexponential model to 
calculate ADC    .

 Materials and 
Methods: 

This prospective study was approved by institutional 
review board and was HIPAA-compliant, and all subjects 
gave written informed consent. Diffusion-weighted (DW) 
imaging of the kidneys was performed in three healthy 
volunteers to generate reference diffusion decay curves. In 
a literature meta-analysis, the authors resampled the ref-
erence curves at the various  b  values used in 19 published 
studies of normal kidneys (reported ADC   = [2.0–4.1] 
 3  10  2 3  mm 2 /sec for cortex and [1.9–5.1]  3  10  2 3  mm 2 /
sec for medulla) and then fi tted the resampled signals by 
monoexponential model to produce “predicted” ADC  . 
Correlation plots were used to compare the predicted ADC   
values with the published values obtained with the same 
 b  values.

 Results: Signifi cant correlation was found between the reported 
and predicted ADC   values for whole renal parenchyma 
( R  2  = 0.50,  P  = .002), cortex ( R  2  = 0.87,  P  = .0002), and 
medulla ( R  2  = 0.61,  P  = .0129), indicating that most of 
the variability in reported ADC   values arises from limita-
tions of a monoexponential model and use of different 
 b  values.

 Conclusion: The use of a monoexponential function for DW imaging 
analysis and variably sampled diffusion weighting plays a 
substantial role in causing the variability in ADC   of healthy 
kidneys. For maximum reliability in renal apparent diffu-
sion coeffi cient quantifi cation, data for monoexponential 
analysis should be acquired at a fi xed set of  b  values or a 
biexponential model should be used.
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 Materials and Methods 

 This prospective study was approved 
by institutional review board and was 
compliant with the Health Insurance Por-
tability and Accountability Act, and all 
subjects gave written informed consent. 

 A literature review was performed 
by using PubMed to search for studies 
published between   January 1990 and 
December 2008 that measured ADC   in 
the kidneys of healthy volunteers ( Table 
1  ). On the basis of the various  b  value 
sets and the resulting ADC   in these stud-
ies, a simulation study was performed to 
evaluate the variability of ADC   associ-
ated with the use of monoexponential 
model and different  b  value sets. To aid 
in performing the simulation, “ideal” sig-
nal decay curves were constructed based 
on highly sampled DW data from healthy 
kidney acquisitions. Details of the study 
are as follows. 

 Following written informed consent, 
three healthy volunteers (two male and 
one female; mean age, 30 years; age 
range, 20–39 years; nonfasting condi-
tions) were included in this study. Each 
volunteer was imaged in a clinical 3-T 

has been reported. In healthy kidneys, 
published ADC   values vary from 2.0  3  
10  2 3  to 4.1  3  10  2 3  mm 2 /sec in the 
cortex and 1.9  3  10  2 3  to 5.1  3  10  2 3  
mm 2 /sec in the medulla ( 1,2,7,8,10–25 ) 
(Table 1). 

 It is well-known from in vivo brain 
DW imaging that the simple mono-
exponential model for DW imaging 
has measurable limitations. In the low 
 b  value regimen (less than 200 sec/mm 2 ), 
factors other than passive diffusion, 
such as capillary perfusion, contribute 
measurably to the signal intensity decay, 
a phenomenon known as intravoxel 
incoherent motion (IVIM) ( 26 ). When 
analyzed with a biexponential model, 
IVIM effects provide useful sensitivity 
to perfusion that is modifi ed in disease 
states. Extensive human ( 27,28 ) and 
animal ( 29,30 ) IVIM imaging has been 
devoted to assessing cerebral micro-
circulation, and animal model tumors, 
with pathologically abundant vascular-
ity, have also provided an ideal target 
for the technique ( 31 ). However, if 
ignored because of the use of a mono-
exponential model, IVIM effects can 
distort the measurement of the ADC. 
Furthermore, IVIM effects in abdomi-
nal organs, especially the kidneys, should 
be more pronounced than in the brain. 
In kidney, the fractional vascular volume 
is 25%–40% ( 32 ), much higher than 
that found in the brain (approximately 
5%). Besides the high vascularity, tubu-
lar fl ow and water reabsorption might 
further enhance the IVIM effect in renal 
tissue. 

 We hypothesize that the IVIM, driven 
by multiple active fl ow processes, makes 
the monoexponential model insuffi cient 
for completely describing abdominal DW 
imaging and leads to increased variabil-
ity in ADC  . Additionally, an important 
consequence of the inadequacy of the 
monoexponential model for renal DW 
imaging is a resultant dependence of 
ADC   results on the choice of diffusion 
weighting factors ( b  values). 

 The purpose of the study was thus 
to investigate whether variability in re-
ported ADC   values in literature can be 
explained by the use of different  b  val-
ues and the use of a monoexponential 
model to calculate ADC  . 

            D iffusion-weighted (DW) magnetic 
resonance (MR) imaging ( 1–3 ) 
can be used to probe the struc-

ture of biologic tissue noninvasively by 
measuring the diffusion of water mol-
ecules. The main quantitative param-
eter used to interpret DW imaging is 
apparent diffusion coeffi cient (ADC  ). 
This parameter is estimated by fi tting 
a series of images acquired with differ-
ent diffusion weightings ( b  values) us-
ing a simple monoexponential model. 
Recently, the widespread availability of 
DW sequences for abdominal imaging 
has led to a proliferation of reports de-
scribing potential clinical utility of ADC   
across a range of applications, including 
cancer ( 4 ), liver fi brosis/cirrhosis ( 5,6 ), 
and renal diseases ( 2,7–9 ). While early 
publications from individual laborato-
ries have found promising results de-
fi ning cutoffs in ADC   values for normal 
states and different states of disease, 
differences in these reported values 
in different laboratories have seriously 
hampered the fi eld. 

 For example, in the kidney, ADC   
has been found to be a sensitive in-
dicator of renal dysfunction. Thoeny 
et al ( 2 ) found that corticomedullary 
difference in ADC   values was dimin-
ished in transplanted kidney, compared 
with normal native kidneys. Muller 
et al ( 1 ) reported increased renal ADC   
due to rehydration. Yildirim et al ( 7 ) 
reported that ADC   decreased in kid-
neys with renal artery stenosis. Xu 
et al ( 8 ) observed a positive correlation 
between glomerular fi ltration rate and 
ADC  . And yet, despite these promising 
fi ndings, wider use of renal DW imag-
ing has been limited by the consider-
able variation in the renal ADC   that 

 Advance in Knowledge 

 At least 50% of the variability of  n

the renal parenchymal apparent 
diffusion coeffi cient (ADC  ) values 
(and 87% of cortical and 61% 
of medullary ADC   values) can be 
attributable to the errors arising 
from using a monoexponential 
fi t to diffusion-weighted MR 
imaging measurements 
of ADC  . 

  Published online before print  
 10.1148/radiol.09090891 

Radiology 2010; 254:783–792

 Abbreviations: 
 ADC = apparent diffusion coeffi cient 
  D p   = pseudo-diffusion coeffi cient 
  D t   = tissue diffusion coeffi cient 
 DW = diffusion weighted 
  F p   = fast-component fraction 
 IVIM = intravoxel incoherent motion 
  s  RMS  = root mean square residual 
 ROI = region of interest 
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MR imager (TIM Trio; Siemens  , Erlan-
gen, Germany) by using a combination 
of eight-channel spine array and four-
channel body array coils. Single-shot 
echo-planar free-breathing DW images 
were acquired with the following param-
eters: fi ve coronal sections with a thick-
ness of 6 mm, no intersection gap; fi eld 
of view, 345  3  410 mm; acquisition ma-
trix, 162  3  192; repetition time, 2000 
msec; echo time, 80 msec; three dif-
fusion directions; and parallel imaging 
factor of two. For the fi rst volunteer, 27 
 b  values between 0 and 1300 sec/mm 2 , 
in steps of 50 sec/mm 2 , were applied. 
To achieve high signal-to-noise ratio for 
subsequent simulation studies we took 
nine signal averages for each  b  value for 
each diffusion-encoding direction, each 
during shallow breathing. A preliminary 
study for this case showed that signals 
of high  b  values had low signal-to-noise 
ratio, so for the other two volunteers, 
only the 16  b  values up to 750 sec/mm 2  
were used for acquisition. The total du-
ration of 16– b  value DW imaging with 
nine repetitions was 14 minutes. DW 
images were coregistered by using the 
normalized cross-correlation method to 
correct for any respiratory motion ( 33 ). 
The nine repetitions of the registered 
images were averaged prior to analy-
sis. Coronal T2-weighted half-Fourier 
acquisition single-shot turbo spin-echo 
images and T1-weighted fast low-angle 
shot images, which showed good cor-
ticomedullary differentiation, were ac-
quired in each subject to assist in the 
manual segmentation of the diffusion 
images. 

 On the images in each volunteer, 
ROIs were delineated manually with the 
assistance of an experienced radiologist 
(P.H.V., 6 years of experience) on the 
 b  = 0 sec/mm 2  images to measure signal 
intensity of renal cortex across 3 volun-
teers (mean number of ROIs, 19    6  6 
[standard deviation]; volume, 50.0 mL 
 6  27.7) and medulla (mean number of 
ROIs, 33  6  11; volume, 13.5 mL  6  4.5) 
for each volunteer. In one volunteer, 
an incidental benign cyst (2.9 mL) was 
also analyzed. An ROI for the entire re-
nal parenchyma (19.1 mL  6  4.3) was 
drawn in one central section for each 
volunteer. The averaged signal intensity 
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of these predicted ADC   values would 
solely depend on the degree of insuf-
fi ciency of the monoexponential func-
tion for characterizing the simulated 
diffusion decay curves. 

 By using the specifi c  b  values re-
ported in the studies cited in  Table 1 , 
we compared the predicted ADC   
values on the basis of those  b  values 
with the ADC   values reported in that 
study. This process was performed 
separately for each study. Comparisons 
were made where possible for renal 
cortex, medulla, and whole parenchyma, 
using different correlation plots for each 
group. 

 For a visual depiction of the re-
lationship between  b  values selected 
and the resulted ADC   estimates, ADC   
maps were generated by fi tting the 
monoexponential model to the image 
data of the fi rst volunteer at three dif-
ferent sets of  b  values:  (a)  0 and 400 
sec/mm 2 ;  (b)  0 and 800 sec/mm 2 ; and 
 (c)  17  b  values from 0 to 800 sec/mm 2 , 
with an interval of 50 sec/mm 2 . A  D t   
map was also generated by fi tting biex-
ponential model to the voxel signals 
at the  b  values in set  (c)  whose mo-
noexponential fi t residuals exceeded 
the standard deviation of background 
noise, and using a monoexponential fi t 
for the remaining voxels. 

 to estimate a single diffusion coeffi cient, 
ADC  . 

 For the simulation, the parameter 
estimates from the biexponential fi tting 
of each type of tissue (cortex, medulla, 
or whole parenchyma) were averaged 
across the three volunteers, and the av-
eraged values, which we assume were 
representative of that tissue, were then 
substituted back into Equation (1) to 
generate an ideal diffusion decay curve 
(continuous and noise-free). 

 To simulate the effects of differ-
ent  b  values on the ADC   estimates, 
the ideal curves were resampled at a 
number of different sets of  b  values 
that have been used in published stud-
ies ( 1,2,7,8,10–25 ) of healthy subjects 
( Table 1 ). For our simulation, the 
data points resampled at each set of 
 b  values were then fi tted by the single 
exponential function in Equation (2), 
resulting in the “predicted” ADC   val-
ues. For example, from the volunteer 
data, one resampling was performed 
by using  b  = 0, 500, and 1000 sec/
mm 2 . From these three data points, 
a single exponential fi t resulted in a 
predicted ADC  . Another resampling 
was performed by using  b  = 0 and 500 
sec/mm 2 . A single exponential fi t from 
these two data points resulted in a dif-
ferent predicted ADC  . The variability 

 Figure 1 

  
  Figure 1:  Correlation between reported ADC ( ADC 

tot
   ) values from published literature ( Table 1 ) and averaged  b  values used for exponential fi tting in each publica-

tion.  (a)  Renal parenchyma:  R  = 0.79,  P  = .0002;  (b)  renal cortex:  R  = 0.65,  P  = .0575; and  (c)  renal medulla:  R  = 0.50,  P  = .171.  ∗  = ADC   estimate from simu-
lated diffusion decay curves sampled at  b  from 0 to 750 sec/mm 2  with intervals of 50 sec/mm 2 . The range of  b  values sampled from published DW imaging studies 
in healthy volunteers varied considerably. The higher the averaged  b  value, the lower the estimated ADC   values, suggesting an intrinsic limitation of the monoexpo-
nential model to derive ADC  .   

versus  b  value curves, or diffusion de-
cay curves, were obtained for each of 
these tissues, and were then fi tted to 
a biexponential model, as has been de-
scribed by other investigators in renal 
tissue ( 2,26 ): 

  

0 [(1 ) exp( )
exp( )]

P t

P p

S S F b D
F b D   

(1), 

 where  S  is the averaged signal intensity 
from ROIs,  S  0  is the signal acquired without 
diffusion weighting, and the three model 
parameters are fast-component fraction  
(F P ) , tissue diffusion coeffi cient  (D t ) , and 
pseudo-diffusion coeffi cient  (D p )  due to 
perfusion and other fl ow effects. The fi t-
ting was performed over the range 0  �   b  
 �  750 sec/mm 2  to ensure suffi cient signal-
to-noise ratio (minimum value of 4 on all 
 b  values, with noise defi ned by the stan-
dard deviation of background signals). 
Goodness of fi t was evaluated by a root 
mean square residual ( s  RMS ), expressed 
as a percentage of  S  0 . A low relative  s  RMS  
on the order of the random image noise 
indicates that the model curve represents 
the data well. For comparison, the same 
data were also fi tted by the conventional 
monoexponential model, 

  exp( ADC)0S S b   (2), 
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 Results 

 We found 19 studies in the literature 
that reported ADC   for healthy kidneys 
( Table 1 ). Among these 19 studies 
there were nine with reported mea-
surements of ADC   for renal cortex and 
medulla and 10 with reported measure-
ments for the entire renal parenchyma 
(without separating cortex and medul-
la). In these studies, the reported ADC   
values for renal cortex, medulla, and 
whole parenchyma varied within large 
ranges. The  b  value sets used in these 
studies varied widely: maximal  b  values 
used in these studies ranged from 57 
to 1300 sec/mm 2 , and the averaged  b  
(ie, the average of all  b  values used in 
the study) values ranged from 30 to 670 
sec/mm 2 ; the number of  b  values varied 
from two to 10.  Figure 1   shows the cor-
relation plots between the averaged  b  
values used and the resulted ADC   for 
the various renal tissues in these previ-
ous studies. It is noted that the higher 
the average  b  value in the acquisitions, 
the lower the estimated ADC   values. 
This correlation, independent of any 
standard response curve, is an indica-
tion of the insuffi ciency of the monoex-
ponential model as a source of poten-
tial systematic error. It is also observed 
that the reported ADC   values measured 
with low  b  values showed high standard 
deviation (or variation). 

 Representative ROIs from two vol-
unteers used for the calculations are 
shown in  Figure 2 a and 2c . The diffusion 
decay curves from these two volunteers 
and their biexponential fi ts are given in 
 Figure 2b and 2d . The error bars for the 
diffusion decay curves refl ect intra-ROI 
heterogeneity due to factors such as 
physiology and radiofrequency shading 
and do not represent the level of ran-
dom noise. For all the volunteer data, 
the signals from different tissues (renal 
cortex, medulla, whole parenchyma, 
and cyst) were fi tted well with a biex-
ponential function, with relative  s  RMS  of 
0.6%–1.2%, as compared with higher 
values of 2.1%–5.6% from the monoex-
ponential model. Parameter es timates 
derived from both fi tting processes 
are listed in  Table 2  . For each type of 
renal tissue, ADC   from  monoexponential 

and reported ADC   was calculated to 
quantify the fraction of the variability in 
the reported ADC   values that was due to 
the variability in the predicted ADC   or 
the insuffi ciency of the monoexponential 
model. The correlations were  statistically 
signifi cant if the associated  P  value was less 
than .05. All calculation was performed 
with Matlab (MathWorks, Natick, Mass). 

 Statistical Analysis 
 Using different sets of  b  values, the stud-
ies in the literature reported different 
ADC   values. Correlation coeffi cient ( R ) 
between the averaged  b  values used in 
the studies and the reported ADC    values 
was calculated. In our simulation, the 
correlation coeffi cient (or coeffi cient of 
determination,  R 2  ) between predicted 

 Figure 2 

  
  Figure 2:  Examples of ROI selection and biexponential fi tting. Green = whole parenchyma, red = cortex, 
and blue = medulla.  (a)  ROIs selected in one section (averaged over nine repeats) of  b  = 0 sec/mm 2  image  . 
 (b)  The diffusion decay signals  (S)  in the volunteer in  a , who was measured with 16  b  values from 0 to 750 
sec/mm 2 , and the biexponential fi ts are shown. Error bars = total intra-ROI heterogeneity due to physiology 
and radiofrequency shading, among others.  (c)  ROIs in one section in another volunteer who had a right 
upper pole cyst (magenta). The generated signals  (S)  and fi ts are shown in  d . For this volunteer, the whole-
kidney ROI was drawn in the other kidney without cyst, and the whole-kidney signal is not shown in  d . All 
curves were well fi tted using the biexponential equation (Eq [1]).   
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Monoexponential fi tting error was 
signifi cantly higher than that of biex-
ponential fi ttings, indicating that the 
monoexponential model is insuffi cient 
for these tissues. High correlation co-
effi cients were found between these 
predicted ADC   values and the pub-
lished ones. In general, the variability 
among reported values of ADC   in the 
literature can be partially attributed 
to the difference in multiple factors 
among these studies, such as patient 
population ( 13 ), hydration status ( 19 ), 
imaging sequence and/or parameters 
( 11,12,18 ), breath hold versus free 

comedullary contrast for ADC   maps 
shown in  Figure 4 (A–C) . 

 For all the tested combinations of 
 b  values ( Table 1 ), the predicted ADC   
values varied from 2.1  3  10  2 3  to 5.6  3  
10  2 3  mm 2 /sec for whole parenchyma, 
from 2.4  3  10  2 3  to 3.5  3  10  2 3  mm 2 /sec 
for renal cortex, and from 2.2  3  10  2 3  to 
3.3  3  10  2 3  mm 2 /sec for medulla. 

 When our simulated ADC   values 
were compared with the original pub-
lished results ( Table 1 ), signifi cant cor-
relation was found between the predicted 
and the reported values for whole pa-
renchyma ( R  2  = 0.50,  P  = .002,  y  = 
0.44 x  + 1.21), cortex ( R  2  = 0.87,  P  = 
.0002,  y  = 1.73 x   2  2.30), and medulla 
( R  2  = 0.61,  P  = .0129,  y  =0.60 x  + 0.83) 
( Fig 5  ). These results indicated that at 
least 50% of the variability of the whole 
parenchymal ADC   values (and 87% of 
the cortical and 61% of the medullary 
ADC  ) can be attributable to the errors 
arising from using a monoexponential fi t 
to DW imaging measurements of ADC. 

 Discussion 
 In this study, DW imaging volunteer 
data of multiple  b  values and signal aver-
ages were acquired to generate refer-
ence diffusion decay curves of healthy 
kidneys. A simulation was performed 
by resampling these reference curves 
at the various  b  value sets used in 
published studies and then fi tting the 
resampled data with monoexponential 
model to get ADC   values. We found 
that monoexponential fi tting of diffu-
sion decay data from healthy renal tis-
sue resulted in as much as a twofold 
difference in whole-kidney ADC   values 
(2.1  3  10  2 3  to 5.6  3  10  2 3  mm 2 /sec). 

fi tting was higher than the  D t   from biexpo-
nential fi tting by about 30%. Biexponen-
tial fi tting showed that in normal renal 
parenchyma,  F P   was on the order of 0.3, 
while for a renal cyst,  F P   was 0.22. 

 To examine the effect of use of a 
monoexponential model with varying 
 b  values on the resultant ADC   values, 
ADC   measurements for renal tissues 
were simulated by resampling the ideal 
diffusion decay curves at the different 
combinations of  b  values used in the 
previously published studies ( Table 1 ). 
 Figure 3   shows examples of resampling 
the simulated whole-parenchyma diffu-
sion decay curve at two sets of  b  values 
(at 0 and 400 sec/mm 2  and at 0 and 800 
sec/mm 2 ), whose exponential fi tting re-
sulted in predicted ADC   of 2.7  3  10  2 3  
and 2.2  3  10  2 3  mm 2 /sec, respectively. 
The results of these simulated ADC   val-
ues based on three different sets of  b  
values are shown in  Figure 4  , together 
with a  D t   map from biexponential fi tting 
for comparison. ADC   values obtained 
at  b  = 0 and 400 sec/mm 2  were mark-
edly higher than those at 0 and 800 
sec/mm 2 , and higher corticomedullary 
contrast is seen for the lower  b  value 
case. These ADC   values all exceeded 
those produced with a biexponential 
model for  D t  , which was generated us-
ing a biexponential fi t, where fl ow com-
ponent is separated from the diffusion 
component of the ADC estimation.  D t   
showed clear contrast between the re-
nal parenchyma and the benign cyst, 
the latter showing a high value due to 
unrestricted fl uid diffusion. However, 
there was little difference between  D t   
for renal cortex and medulla. On the 
other hand, there was a clear corti-

 Table 2 

 Estimates of Diffusion Parameters for Healthy Kidneys 

Monoexponential Model Biexponential Model

Tissue Type ADC   ( 3 10  2 3  mm 2 /sec)  s  
RMS

  (%)  D t   ( 3 10  2 3  mm 2 /sec)  F P   D p   ( 3 10  2 3  mm 2 /sec)  s  
RMS

  (%)

Cortex 2.4  6  0.1 ( 6 0.2) 3.4 ( 6 1.3) 1.8  6  0.1 ( 6 0.2) 0.31  6  0.02 ( 6 0.06) 14.2  6  0.8 ( 6 3.3) 0.6 ( 6 0.1)
Medulla 2.1  6  0.1 ( 6 0.1) 3.0 ( 6 1.7) 1.5  6  0.1 ( 6 0.1) 0.34  6  0.03 ( 6 0.05) 11.3  6  1.3 ( 6 6.1) 0.7 ( 6 0.3)
Kidney 2.4  6  0.2 ( 6 0.0) 5.6 ( 6 1.3) 1.7  6  0.1 ( 6 0.2) 0.32  6  0.02 ( 6 0.08) 18.2  6  2.1 ( 6 3.4) 1.2 ( 6 0.3)
Cyst 2.3  6  0.1 2.1 1.9  6  0.1 0.22  6  0.04 8.9  6  1.6 0.6

Note.—Data are average of parameter estimates  6  fi tting error across three volunteers. Parameter  s  RMS  is expressed as a percentage of  S  0 . Numbers in parentheses are intersubject standard deviation 
for the estimates. Cyst was found in only one volunteer.

 Figure 3 

  
  Figure 3:  Examples of resampling and then 
monoexponential fi tting in simulation. Resamplings 
were performed from the whole-parenchyma 
diffusion decay curve (dotted line) at  b  values 
of 0 and 400 sec/mm 2  (circles, dashed line: 
monoexponential fi t, resulting ADC   = 2.7  3  10  2 3  
mm 2 /sec), and at 0 and 800 sec/mm 2  (triangles, 
solid line: monoexponential fi t, resulting 
ADC   = 2.2  3  10  2 3  mm 2 /sec).   
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cesses (eg, pure diffusion of water 
molecules, perfusion, or tubular 
fl ow in kidney) will affect the esti-
mation of ADC   in a consistent way. 
For example, using the same set of 
 b  values, Braithwaite et al ( 34 ) re-
peated ADC   measurements for ab-
dominal organs of healthy volunteers 
on two separate days (approximately 
5 months apart) and found that ADC   
thus obtained was highly reproducible. 
Alternatively, and preferably, a biex-
ponential model based on multiple  b  
value measurements might be used to 
separate water diffusion and active fl ow 
effects from the DW imaging data. This 
latter solution would not only produce 
more consistent estimates for ADC ( D t   
of 1.5  3  10  2 3  to 1.8  3  10  2 3  mm 2 /sec 
in our study) but would also give esti-
mates for parameters  F P   and  D p  , which 
are believed to refl ect vascular perfu-
sion and tubular fl ow in kidney ( 2 ). 
For the purpose of reliable biexponen-
tial fi tting, we acquired DW images at 
16  b  values and with nine repetitions 
to get high-quality DW imaging data, 
but we recognize that this acquisition 
protocol is not practical for clinical 
use. However, a preliminary study ( 35 ) 
suggests that it is feasible to acquire 
multi– b  value data to fi t  F P  ,  D p  , and 
 D t   by using a breath-hold DW imaging 
sequence. We are currently further op-
timizing the sampling and analysis for 
IVIM in kidney. 

 This study had the limitation that 
only the results from three volunteers 
were used for the simulations, and 
these may not be completely represen-
tative of all cases of healthy kidneys. 
For example, in one volunteer, fi ndings 
showed minimal corticomedullary dif-
ferentiation in the parameter  D t  , while 
the group average  D t   showed some cor-
ticomedullary contrast. Such inconsis-
tency might be due to the difference in 
the volunteers’ ages, hydration status, 
or other factors that contribute to the 
intersubject variation (10% for  D t  , as 
compared with 5% fi tting precision). 
We may speculate based on this fi nd-
ing alone that the commonly observed 
ADC corticomedullary differentiation 
is at least in part due to perfusion 
effects; higher subject statistics would 

intercenter ADC   results, one must ap-
preciate the limitations of monoexpo-
nential function for fi tting renal DW 
imaging data. In future studies of renal 
DW imaging, we suggest a few solutions 
to avoid the variability induced by the 
use of monoexponential model. First, 
a consistent set of  b  values should 
be used for monoexponential fi tting, 
so that the multiple physiologic pro-

breathing, and fi eld strength. However, 
our simulation results indicated that 
among all the possible factors, the 
use of single exponential function for 
analysis and variability sampled diffu-
sion weighting played a substantial role 
in causing the resultant variability in 
ADC   of healthy kidneys. 

 Our study suggests that, if one 
wants to compare any longitudinal or 

 Figure 4 

  
  Figure 4:  Comparison of ADC ( ADC 

tot
   ) computed using different sets of  b  values and of  D 

t
   derived from 

a biexponential fi t.  A , ADC   values obtained with  b  = 0 and 400 sec/mm 2  were markedly higher than when 
computed from,  C ,  b  = 0 and 800 sec/mm 2 .  B , By using 17  b  values between 0 and 800 sec/mm 2  with 
interval of 50 sec/mm 2 , the obtained ADC   values fell between those in  A  and  C . It is seen that ADC   values 
depend heavily on the sets of  b  values being used.  D , Image shows  D 

t
   determined by using a biexponential 

model (Eq [1]) that separates out the IVIM contribution to diffusion. ADC   values calculated using a monoex-
ponential model  (A–C)  were all considerably higher than  D 

t
  . High  D 

t
   values in upper pole cyst are likely due to 

unrestricted diffusion.   
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be helpful to resolve the issue in the 
 future. Second, based on this prelimi-
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vascular, tubular, or other active fl ow 
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and the reported lower fi eld strength 
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our expectation that biologic diffusion 
processes have little or no intrinsic fi eld 
dependence. 

 In conclusion, substantial variabil-
ity among reported values of ADC   in 
healthy subjects in the literature is 
due in large part to the application of 
a monoexponential model to data that 
are better fi tted biexponentially. When 
only limited  b  values can be sampled, 
studies that use ADC measurements 
fi tted monoexponentially should use 
the same diffusion weighting values 
(same  b  values) to ensure comparabil-
ity across clinical populations and to 
avoid systematic error. A consensus 
is needed as to what these values 
should be. Alternatively, development 
of DW imaging with multiple  b  values 
may permit accurate biexponential fi ts 
that provide both diffusion and IVIM 
measurements. 

 Figure 5 

  
  Figure 5:  Correlation plots between predicted ADC ( ADC 

tot   
) and reported values.  (a)  Whole parenchyma:  y  = 0.44 x  + 1.21,  R   2  = 0.50,  P  = .002;  (b)  renal cortex: 

 y  = 1.73 x  2 2.30,  R   2  = 0.87,  P  = .0002;  (c)  renal medulla:  y  = 2.32 x  2 3.68,  R   2  = 0.61,  P  = .0129. Solid line = line of identity, dashed line = line of regression. The 
majority of the variability in published values of ADC   can be attributed to the application of a monoexponential fi t to limited  b  value data.   
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