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Renal apparent dif€wion co- 
efflcients (ADCs) were d e ~ -  
tropic within and 
significantly different be- 
tween cortex and medulla us- 
ing a relatively 
motion-insensitive one-di- 
mensional technique in 20 
volunteers. ADC vpluee 
ranged ftom 1.79 ? .39 to 
2.95 2 .58 (X 10-Smma/sec), 
relatively high but similar to 
other reports. Further inves- 
tigation may help clarify this 
data, and determine whether 
the findings result from diffu- 
sion properties (and/or radi- 
ally oriented parenchymal 
architecture), or artifacts due 
to factom such M bulk mo- 
tion. 

Index tcrms: MR Imaglng. dlffu- 
slon * Kldneys key 

Abbreviations: ADC = apparent d f i -  
slon coetlclent. 
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MOLECULAR DIFFUSlON refers to the 
thermally driven, random motion of mole- 
cules within a medium. Nuclear MR tech- 
niques have been developed to quantify 
and characterize diffusion ( 1 4 ) .  LeBihan 
et al extended these concepts to the in 
vivo situation, and generalized the types of 
random motion that occur in tissues in 
the intravoxel-incoherent motion model 
(2.3). This model considers the effects of 
molecular dffision and microcirculatory 
flow in the capillaries as dffisionlike 
processes. It is theoretically possible to 
quantify the combined effects of capillary 
perfusion and water diffusion in vivo via 
an apparent diffusion coefficient (ADC) 
and to isolate the perfusion fraction and 
diffusion components by speclfic as- 
sumptions and measurements. 

A quantitative diffusion measurement 
made by using MR techniques can pro- 
vide information on the normal or abnor- 
mal structure of tissues. Numerous 
factors influence water mobility in vivo, 
including possible restrictions by mem- 
branes and other structures, such as 
macromolecules. Some factors may have 
directionality or anisotropy, which can 
result in variation In the AM3 with orien- 
tation. Unfortunately, in practice, there 
are limitations on accurate measure- 
ments of ADC values. Artifacts from bulk 
tissue motions related to muscular, res- 
piratory. or cardiac pulsations are highly 
amplified in most pulse sequences de- 
signed for diffusion sensitivity (5-7). Re- 
sults measured in vlvo must be inter- 
preted with these limitations in mind. 

The purpose of this study was to inves- 
tigate a custom, one-dimensional tech- 
nique to study dtffusion in the human 
kidney. This method offers substantial 
reduction of motion artifacts, and has 
been previously used to study the human 
brain (4). The goal was to assess the feasi- 
biUty and reproducibility of quantitative. 
anisotropic diffusion measurements of 
the normal native kidney in vivo. If relia- 
ble diffusion measurements of the kidney 
can be made in vivo, then further Investi- 
gations to determine if they are useful in 
diagnosing or grading disease states will 
be appropriate. 

.MATERUL8ANDMETHoLm3 

first. to study diffusion in a series of 
The study consisted of two parts. The 

healthy persons, consisted of 20 healthy 
volunteers, each of whom was studied 
once. The second part was designed to as- 
sess intrapersonal variation: four healthy 
subJects were studied serlally four or five 
times each. The volunteers were given no 
special preparation before their arrival at 
the MR imaging facility. and were scanned 
in a presumably normal state of hydra- 
tion. No attempt was made to control for 
hydration state, a factor that may have in- 
fluenced results (8). Subjects were studied 
with a General Electric 1.5-T Signa instru- 
ment (GE Medical Systems, Milwaukee. 
WI) in the supine position, with an optical 
pulse sensor placed on an index finger. 
The initial study of 20 subjects was made 
using 4.x scanner software and hardware; 
the study of intrapersonal variations was 
made using version 5.x. AU scans were 
performed during quiet respiration. Initial 
coronal locator images were obtained to 
identify the left kidney. A 5.5-inch general 
purpose surface coil was then placed be- 
neath the left kidney. Contiguous 10-mm- 
thick T1-weighted spin-echo (TR/TE = 
500/ 11) axial images were then obtained. 

These axial locator images were re- 
viewed and a slice in the midzone of the 
left kidney was chosen where there was 
good corticomedullary distinction and the 
cortical medullary boundaries were con- 
stant, both in the anteroposterior (AP) and 
superoinferior (SI) direction. Thus, as the 
kidney moved with respiration, the relative 
position of the cortex and the medulla 
within the dffision column would remain 
relatively steady. Image location was fur- 
ther selected to avoid columns of Bertin. 

Our technique Included orthogonal 90" 
and 180" slice selective pulses, which 
yielded a spin echo from tissue within a 
10 x 10 mm transversely oriented column 
through the retroperitoneum (4). Fre- 
quency encoding was performed along the 
right/left (R/L) column axis. providtng a 
one-dhnenslonal dataset at 10 X 10 X 2- 
3 mm (adlusted for patient size and Aeld 
of view) resolution. Bulk tlssue motion 
artifacts were reduced by Fourier trans- 
formation of individual echoes. Echo sig 
nal magnitude was determined, and the 
results of 20 measurements were averaged 
as described below. Phase encoding was 
not applied. This phase-insensitive proc- 
essing scheme prevented interecho phase 
cancellation artifacts. In addition. intrae- 
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Figure 2. Graph from a representative study shows the meas- 
ured ADC values in a column running from the midline to the 
left abdominal wall. The renal cortex and medulla are demar- 
cated by vertical arrows. 

Figure 1. Axial T1-weighted locator image from a representa- 
tive patlent shows the diffusion column. 

cho phase cancellation from bulk motion 
was reduced by pulse gating, with an ac- 
quisition delay of 500 msec. Respiratory 
compensation was not used. Preliminary 
tests indicated highest ADC values were in 
the R/L dlrection. possibly because the 
greatest cardiac pulsation waves would 
propagate along R/L lines as transmitted 
by the renal artery and its branches. 
These pulsation waves can result in sig- 
nal loss and an artifactually elevated ADC 
measurement. Intravoxel phase cancella- 
tion from the R/L bulk tissue motion was 
believed to be minimized by orienting the 
short dimension of the voxels along this 
direction. 

Trapezoidal, 35-msec duration, difiu- 
sion-sensltization gradient pulses were 
separated by 64 msec and straddled the 
180" pulse of the TE = 120 msec se- 
quence. Two gradlent strengths (4 and 9 
mT/m) were Iteratively applied along the 
R/L. AP. and S1 directions in an acqulsi- 
tion of 128 echoes. This scheme provlded 
20 echoes for each of the SIX gradient con- 
ditions (the initial eight echoes were ig- 
nored to establish the steady-state 
condition). An additional 128 phase-en- 
coded echoes were interleaved with the 
ADC acquisitfon to yield a crude image 
conflrming that the desired plane was 
sampled. The precise TR time for each 
subJect varied with heart rate, and was 
approximately 1700 msec. resulting in an 
acquisltion time of about 4 minutes. Nom- 
inal b factors of b l  = 73 and b2 = 370 
sec/mm2 associated with the 4 and 9 mT/ 
m gradient amplitudes. respectively. were 
derived by numerical integration of each 
complete gradient waveform. Other gradl- 
ent waveforms were designed to be tempo- 
rally compact to minimize gradient 
cross-terms (slice-selective 90". and fre- 
quency-encoded waveforms. including re- 
phase pulses, produced no cross-terms) 
(9). ADC estimates were derived by the fol- 
lowing equation: ADC = In (Sl/S2)/(b2 - 
bl). where S1 and S2 are the signal am- 
plitudes acquired by b l  and b2 b factors, 

respectively. ADC,. ADC,,. ADC,,,. and 
ADCo. defined as (ADC,,, + ADC, + 
ADC,,)/3. were calculated for each voxel 
along the transversely oriented diffusion 
column. Because cross terms are minimal, 
ADC, is a scalar invariant of the Wusion 
tensor: that is. it is a property of tissue 
and does not depend on the orientation of 
the gradients ( 10,111. 

Time domain data were transferred to 
an off-line workstation and processed with 
custom modules programmed using Ad- 
vanced Visual Systems software (Wal- 
tham. MA). yielding three ADC data 
series for each case, corresponding to the 
three diffusion-sensitization directions. 
One-dimensional ROIs comprising renal 
medulla and cortex were defined on the 
basis of coordlnates obtained from the 
two-dimensional axial images. The calcu- 
lated ADC values for these voxels were 
averaged together for each subject. A 
Student's two-tailed paired t-test was 
used for statistical analysls of the data 
from all volunteers. The renal cortex ADC 
measurements in each direction were 
compared with their medullary counter- 
parts. To determine possible tissue anisot- 
ropy, the ADC values in each direction 
were compared. 

0 RESULTS 

weighted axial image through the mid- 
zone of the left kidney at the level that 
data were acquired. The prescribed loca- 
tion of the column is indicated on the im- 
age with the cortical and medullary 
boundaries marked. Figure 2 shows ADC 
measurements in the same subject as a 
function of position from the midline of 
the abdomen to the left lateral abdominal 
Wall. 

Table 1 shows the mean ADC values 
for the 20 healthy volunteers, and the P 
values for the statistical comparisons. 
Figure 3 shows the range of ADC values 
in the three directions for cortex and me- 

Figure 1 is a representative T 1 - 

dulla. Figure 4 shows the same for the 
four subjects in the intrapersonal analy- 
sis. The large spread in the data in Fig- 
ure 4 indicates that there is substantial 
measurement error inherent In the tech- 
nique as now implemented. Nevertheless. 
most of the findings seen in the 20-pa- 
tient study are borne out in this dataset 
as well. 

For the 20 volunteers, the cortical ADC 
values in the R/L and SI directions were 
somewhat higher than the medullary val- 
ues ( P  < ,001 in both directions); there 
was no statistically significant difference 
in the Ap direction. Note that there is 
substantial anlsotropy: the cortical and 
medullary ADC values were greatest in 
the R/L orientation whereas the ADCs in 
the SI direction were the lowest. The dif- 
ferences shown in the means in Table 1 
are conAnned by comparing the values in 
individual subjects. ADC,,, was greater 
than ADC, in 15 subjects in the medulla 
and in 19 subjects in the cortex. Similarly, 
m,, was greater than ADC,, in 19 vol- 
unteers in the medulla and in all 20 vol- 
unteers in the cortex. In addition, ADC, 
was greater than ADC,, in 18 subjects for 
the medulla and in 17 subjects for the 
cortex. Finally, the ADC, was greater in 
the cortex than the medulla 
in 18 subjects. 

personal data for all comparisons except 
ADC, versus ADC,. 

Similar trends were noted for the intra- 

DISCUSSION 
Difiusion-sensitive MR imaging has 

been applied in a variety of forms to ani- 
mal and human studles. One notable suc- 
cess has been in the study of stroke in 
animal models using diffusion-weighting 
imaging, where pixel intensity is inversely 
related by the relative diffusion rates in 
each voxel. Increased signal intensity re- 
sulting from a relative drop in diffusion- 
like motion is observed in ischemic braln 
before abnormalities become visible on 
conventional MR images (12). 

In addition to imaging, it is also possi- 
ble to make quantltatlve measurements 
of the difiuslon properties of tissue using 
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I Table 1 1 
Summary of Apparent Diffusion C d c i e n t  [ADC) Values Expressed am Mean 2 SD (lO-Jmma/sec): n = 20. (The P values 
Ipaired, two-tailed, Student's t-test1 for the group comparisons arc also shown) 

Direction Statistical Comparison 
Right/Left Anteroposterior Superoinferior P value, P value. P value, 

(R/L) (W (SI) ADC, SI versus AP SI versus R/L AP versus R/L 
ADC cortex 2.95 _C 0.58 2.22 2 0.34 2.00 ? 0.37 2.39 _C 0.38 < .003 < 4 x 10 < 1.5 x 
ADC medulla 2.43 ? 0.60 2.20 2 0.43 1.79 ? 0.39 2.14 _t 0.38 < .0005 1 3 x 1 0 5  < .086 
P value (cortex 

versus medulla) < .00015 < .74 < ,0004 < .0002 

a. b. 
FYgurc 3. Plot shows the ADC values for renal cortex (a) and medulla (b) 
in the three spatial directions for the 20 kidneys. The horizontal bars show 
the means. 
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a. b. 
Figure 4. Plot shows the ADC values for renal cortex (a) and medulla (b) 
in the three spatial directions for the four kidneys. Each volunteer was 
scanned four or five times, and the data points for each subject appear in 
single vertical columns, in each of the four groups: R/L. AP. SI, and ADC,. 
The horizontal bars show the means. 

MR imaging (1-3,13). The numerical val- 
ues obtained are referred to as ADCs. 
These values may be anisotropic, that is. 
they may vary with the spatial orientation 
of the diffusion- sensitizing gradients used 
to make the measurements. It is h o d  

motion will attenuate MR signal in the 
presence of gradients. which tends to pro- 
duce an artlfactually elevated ADC meas- 
urement. This effect has placed practical 
limits on the application of quantitative 
diffusion measurements to manv in vivo 

that diffusion measurements may hklp 
characterize tlssues. thereby aiding in di- 
agnosis. This has been clearly dem- 
onstrated in the brain (14.15). and at  least 
one preliminary report suggests that it 
may apply in the abdomen as well ( 16). 

Dffision is a property of a tissue re- 
lated to molecular mobility. The diffusion 
of molecules in a tissue, being llmited by 
obstacles such as macromolecules, fi- 
bers, and cellular membranes. should be 
less than pure water. which has an ADC 
of about 3 X mm2/sec at  body tem- 
perature (2.3). Bulk tissue motion, such 
as from respiration, peristalsis. or vascu- 
lar pulsations, often interferes with quan- 
titative diffusion measurements. Such 

situations. Thus, most clinical &d animal 
diffusion studies have concentrated on rel- 
atively immobile tissues, such as brain 
and extremities or excised organs 
(4.12.1424). Our data conArm that bulk 
motion is a serious problem in making dif- 
fusion measurements in the abdomen. 

Cardiac gating techniques and/or im- 
mobilization techniques can be used to re- 
duce the artifacts due to motion. 
Echoplanar imaging can be used for diffu- 
sion studies in vivo as an effective means 
of reducing the undesirable effects of bulk 
tissue motion. However, echoplanar im- 
aging requires special scannlng equlpment 
presently available a t  only a few institu- 
tions. Thus far, there have been few pub- 

lished reports of diffusion studies 
involving intraabdominal organs in vivo 
(8.16,21,24). 

We used an alternative approach to re- 
duce measurement artifacts related to 
bulk tissue motion. Specifically. we used a 
technique in which one-dimensional da- 
tasets through the tissue of interest were 
acquired. Our results in the kidney show 
a wide range of ADC values for the renal 
cortex and medulla with some overlap. We 
found considerable variability within the 
cortex and medulla of individual subjects 
as well (Fig 2). The variation in the graph 
over relatively homogeneous tissues re- 
flects noise and measurement error in the 
small voxels used, as well as possible par- 
tial volume effects. The latter are probably 
inevitable in an organ with internal struc- 
ture on a size scale similar to the kidney. 
As shown in Table 1. our data showed 
ADC values in the SI and AF' directions al- 
most as high as the diffusion coefficient of 
pure water. In the R/L direction. ADC val- 
ues above that of water were found. There 
is substantial spread even in the intraper- 
sonal data. Thus, in spite of our relatively 
motion-insensitive technique, an initial 
consideration is whether the numbers we 
report reflect the diffusion properties of 
water in the in vivo kldney. Possible 
causes of artifactual elevation include 
cardiac pulsatility forces on the kidney 
and bulk motion from respiration and 
blood flow. Though our data show con- 
siderable scatter. trends over the total vol- 
unteer population are evldent. The 
relative ordering of the ADC values by di- 
rection was relatively constant, with the 
highest values in the R/L direction. This 
strongly suggests that something other 
than only random noise is present. This 
might be either true anisotropic diffusion 
effects or anatomically oriented motion. 
such as transmitted arterial pulsations. 

Elevation of ADC in the R/L direction. 
that is. along the radial axis of the kidney. 
might be understood by considering the 
image location that was chosen for diffu- 
sion analysis. The renal lateral cortex 
and medulla were studied at  the level of 
the renal hilus. At this level. the renal ar- 
terial pulsation waves would be expected 
to propagate along the R/L axis from the 
renal hilus outward. The venous and lym- 
phatic flow also move along this axis in 
this imaging plane; little AF' or SI direc- 
tionality would be attributed to arterial. 
venous. or lymphatic flow. Transmitted 
pulsations may have raised the ADC val- 
ues, particularly in the R/L direction; this 
may also explain the larger measurement 
standard deviations in this direction. In 
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addition, tubular reabsorption. secretion. 
and urine flow would follow a slmilar path 
at this level. Alternatively. the differential 
ADC values may represent anisotropic dif- 
fusion. Like myellnated white mater tracts 
in the brain (41, the kidney has a substan- 
tial directiondty to its architecture. We 
were unable to separate the contributions 
of motion artifact and true structural dif- 
ferences to the spatial variation In our 
ADC measurements, and we consider 
this an area appropriate for future study. 

Several other investigators have re- 
ported ADC measurements in the kidney. 
There are at least two reports of ex vivo 
measurements. Lorenz et al estimated the 
diffusion coefficient in an isolated dog kid- 
ney preserved in formalin to be 1.90 ? 
0.02 X 
al estimated the diffusion coefficient in 
an excised dog kidney to be 2.10 X 
mm2/sec (18). We are encouraged by the 
similarity of our results to those of other 
investigators in the in avo kidney. Uslng 
echoplanar techniques to measure renal 
diffusion in vlvo in normal volunteers, 
Miiller et al found renal ADC values of 
3.54 X mm2/sec 2 0.47 (16,241. 
These results were acquired within a sin- 
gle breath-hold to avoid respiratory mo- 
tion. but they still found ADC values 
above pure water. In a second study, 
Miiller et al investigated renal diffusion 
with subjects Initially dehydrated and 
subsequently hydrated. The mean ADC 
value for dehydrated subjects was 2.88 
& 0.65 x 
drated subjects the mean was 3.56 f 
0.32 X mm2/sec (8). In the same 
work (16.24). Miiller et al report ADC val- 
ues for liver. spleen, and muscle that were 
substantially below those of the kidney. 

Our study was performed without spe- 
clflc instructions on hydration. and this 
may explain the wide range of values 
from subject to subject, as Muller et al 
found hydrated patients to have ADC val- 
ues 25% higher than some patients when 
dehydrated. Also of note in Miiller’s study 
was no statistically significant differences 
between cortex and medulla. 

In conclusion. our feasibility studies of 
dffision in in vivo kidneys were met with 
mked success. Though the scatter In our 
data is higher than desirable, reasonably 
consistent anisotropy was observed, and 
our results are similar to those of other 
investigators. Our diffusion coefficient 
values are only slightly hlgher than those 
for ex vivo excised dog kidneys. which is 
encouraging. The ADC values comparable 
to pure water suggest that solld Ussue/ 
cellular elements In the kidneys do not re- 
strict water diffusion to the extent ob- 
served In other tissues, such as braln 
and muscle (4.19.24). However, observed 

mm*/sec (13.17). Powers et 

mmz/sec and for rehy- 

values that reach or, for some subjects. 
exceed pure water ADC values may be a 
consequence of bulk flow and bulk tissue 
motion, which may have influenced our 
measurements. Further investigation and 
refinement of technique is warranted to 
help clarlfy these matters and to deter- 
mine if diffusion measurements are diag- 
nostically useful for detecthg or gradlng 
renal disease. 
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