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Abstract

Object The aim of our study was to enable automatic
volumetry of the entire kidneys as well as their internal
structures (cortex, medulla, and pelvis) from native mag-
netic resonance imaging (MRI) data sets.

Materials and methods Segmentation of the entire kid-
neys and differentiation of their internal structures were
performed in 12 healthy volunteers based on non-contrast-
enhanced T1- and T2-weighted MR images. Two data sets
(each acquired in one breath-hold) were co-registered using
a rigid registration algorithm compensating for possible
breathing-related displacements. An automatic algorithm
based on thresholding and shape detection segmented the
kidneys into their compartments and was compared to a
manual labeling procedure.

Results The resulting kidney volumes of the automated
segmentation correlated well with those created manually
(R2 = 0.96). Average volume errors were determined to be
497 £ 4.08 % (entire kidney parenchyma), 7.03 £
5.56 % (cortex), 12.33 £ 7.35 % (medulla), and 17.57 +
14.47 % (pelvis). The variation of the kidney volume
resulting from the automatic algorithm was found to be
4.76 % based on the measuring of one volunteer with three
independent examinations.

Conclusion The results demonstrate the feasibility of an
accurate and repeatable automatic segmentation of the
kidneys and their internal structures from non-contrast-
enhanced magnetic resonance images.

S. Will (<) - P. Martirosian - C. Wiirslin - F. Schick

Section on Experimental Radiology, Department of Diagnostic
and Interventional Radiology, University Hospital of Tiibingen,
Hoppe-Seyler-Str. 3, 72076 Tiibingen, Germany

e-mail: susanne.will@med.uni-tuebingen.de

Keywords Automatic kidney segmentation -
Internal renal structures - T1- and T2-weighted MRI -
Non-contrast-enhanced - Rigid registration

Introduction

Volumetry of the kidney is an important task in the early
detection and monitoring of renal diseases like glomerular
nephritis or hydronephrosis [1]. Furthermore, the segmen-
tation of the internal renal structures as the cortex, medulla,
and pelvis can be useful for functional and morphological
assessments. It is known that the renal cortex volume tends
to decrease over time in chronically injured kidneys.
Therefore, a precise measurement of the cortical volume
could be a helpful biomarker in follow-up examinations of
chronic kidney diseases or transplanted kidneys [2].

A simple estimation for kidney volume can be obtained
from renal length measurements using ultrasound imaging.
However, this method has shown a tendency to underesti-
mate the renal volume [3, 4]. Magnetic resonance imaging
(MRI) provides spatially highly-resolved anatomical ima-
ges, and therefore represents a more precise imaging
modality for volumetric measurements. In recent years,
dynamic contrast-enhanced measurements [5-7], e.g.,
using gadolinium-diethylene-triamine penta-acetic acid,
have been used for the quantification of renal volume. The
use of contrast agent leads to a considerable contrast
between the renal cortex and medulla within the first
minute after injection. In vivo measurements in animals [§]
and humans [9, 10] have demonstrated a good differenti-
ation between the entire kidneys and surrounding tissue.
Contrast media helps to improve the contrast behavior
between the renal compartments, but an optimal segmen-
tation is based on at least two images recorded in different
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perfusion phases [6]. A well-known drawback of using
contrast media—especially in patients with kidney insuf-
ficiency—is its tendency to cause nephrotoxic effects or
even nephrogenic systemic fibrosis. For this reason, the
approach used here works without the application of con-
trast media.

As mentioned above, MRI data sets acquired without
contrast agent [10-12] usually result in a limited contrast
between the kidneys and the surrounding tissue, as well as
the inner structures. Thus, the potential and accuracy of
non-contrast-enhanced MRI measurements in the context
of an automatic renal segmentation remains to be proven.
A precise determination of the entire volume of internal
organs is executed rarely in clinical practice, because the
manual segmentation over a large number of slices is a
very time consuming procedure. Therefore, automatic
segmentation algorithms are preferable for this task. Dif-
ferent methods like thresholding [8], clustering [13, 14],
region growing [15], and contour detection [16, 17] or their
combinations have been applied for segmentation.

For the separation of the internal renal structures (cor-
tex, medulla, and pelvis), MR techniques providing a suf-
ficient contrast between these compartments are required.
Furthermore, for the identification of the entire kidneys,
MR images must offer a high contrast between the kidneys
and surrounding tissue (liver, spleen, gastrointestinal tract).
Clinical abdominal imaging typically uses two-dimen-
sional (2D) T1- and T2-weighted (w) sequences. The
purpose of this study was to determine the accuracy of
in vivo measurements of healthy human kidney volumes
using non-contrast-enhanced T1- and T2-w MR images.
First, we evaluated the feasibility of in vivo determination
of the entire kidney volume in healthy humans by MR
measurements without contrast agent. This step included an
adaptation of the MR imaging parameters in the context of
an automatic segmentation procedure. Second, an auto-
matic algorithm was implemented for renal segmentation
with a combined differentiation of the inner renal structures
as the cortex, medulla, and pelvis based on non-contrast-
enhanced MR images. Afterwards, the results of the auto-
matic segmentation algorithm were compared to a manual
segmentation (reference standard). Finally, the repeatabil-
ity of the renal volume and sub-volume measurements was
evaluated.

Materials and methods
Hardware and sequences
In vivo measurements of healthy volunteers were per-

formed on a 1.5T whole-body MR scanner (Magnetom
Sonata, Siemens Healthcare, Erlangen, Germany). The
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body coil was used for homogeneous RF transmission and
12-element anterior—posterior phased-array coils were
applied for signal detection. This methodical study was
approved by the local ethic committee and informed con-
sent was obtained from all subjects.

Two clinical MR protocols were adapted in order to
obtain a sufficient differentiation of the entire kidneys from
the surrounding organs as well as to differentiate the
internal renal structures. For the segmentation of the entire
kidneys, a T2-w half-Fourier single-shot turbo spin echo
(HASTE) sequence was used. For this sequence, the echo
time (TE) was varied to achieve maximum kidney-liver
and kidney—spleen contrast. For segmentation of the
internal renal structures, a Tl-w spoiled gradient echo
(GRE) sequence was used, and the contrast between the
renal cortex and the medulla was maximized by varying the
flip angle (FA). The adaptation of these two parameters
was performed during initial measurements of three heal-
thy volunteers.

The HASTE sequence was applied with the following
parameters: TR = 1,800 ms, bandwidth (BW) = 781 Hz/
Pixel, FA = 150°, voxel size = 1.71 x 1.37 x 5.00 mm>,
field-of-view = 350 x 350 mm? parallel acquisition fac-
tor of 2. For accurate slice excitation, both kidneys were
covered in a single breath-hold. To minimize the required
number of slices, coronal slice orientation was chosen.
Thirteen slightly tilted coronal slices (parallel to the ori-
entation of the kidney axis) with a thickness of 5 mm were
acquired without gaps in an interleaved manner, leading to
a scan time of 23 s. The echo time TE was varied from 61
to 122 ms in order to determine the optimal contrast for the
kidney segmentation.

The slice orientation and the voxel size in measurements
with the GRE sequence were identical to those in the
HASTE sequence. Other parameters of the GRE sequence
were set to: TR/TE = 132/2.44 ms, BW = 260 Hz/Pixel,
leading to a scan time of 19 s. In order to optimize the
contrast between the cortex and the medulla, the excitation
flip angle was varied between 30° and 90°. Fat saturation
was applied to both Tl-w and T2-w measurements to
improve the overall image contrast and to avoid chemical
shift artifacts.

With the adapted sequence parameters, measurements in
12 healthy volunteers (mean age 33 4 11 years and body
mass index of 25 & 4.3 kg/m?) were performed to acquire
the data for the kidney segmentation.

Image registration

Since the two data sets were acquired in different breath-
holds, possible displacements of the kidneys between T1-w
and T2-w data sets had to be compensated for. Thus, the
T1-w images were co-registered slice-wise to the T2-w
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Fig. 1 Block diagram of the complete segmentation procedure of the
entire kidney and renal structures (cortex, medulla, and pelvis)

images using the registration program ELASTIX [18]. The
following registration parameters were optimized in order
to obtain high registration accuracy for the given images:
transformation model (rigid, non-rigid), number of down-
sampling steps (1, 2, 3), polynomial order of the interpo-
lation (1, 2, 3), and the number of iterations (200—1,000).
As a merit function for the optimization, in two data sets
the kidney areas were manually labeled in three medial
T1-w slices and their T2-w counterparts. After each reg-
istration run, the intersection area of the kidneys in the
registered T1- and T2-w images was calculated (separately
for the left and right kidney) and expressed as a percentage
of deviation from the kidney areas in the T2-w images.
Furthermore, non-rigid distortions inside the kidneys (e.g.,
the medulla) were evaluated visually.

Segmentation algorithm

The image segmentation was performed in two steps using
Matlab (Version R2011b, The MathWorks, Natick, USA).
First, the entire kidneys were segmented from the sur-
rounding tissues by thresholding the T2-w images and with
a subsequent refinement step using prior knowledge about
the kidney shape and location. In a second step, the T1-w
and T2-w images were used to distinguish between the
renal structures (cortex, medulla, and pelvis). All thresh-
olds, specified in this algorithm, were determined and
tested manually in several subjects for the same measure-
ment setups and sequence parameters. The obtained opti-
mal values were held constant for the automatic
segmentation algorithm. The complete segmentation pro-
cess is presented in Fig. 1 and explained in more detail in
the following.

Entire kidney segmentation: A preliminary kidney mask
was obtained for each slice of T2-w data separately by
applying an empirically determined threshold at 32 % of
the maximum pixel’s intensity in the slice (100 % corre-
sponds to pure fluid). It was assumed that all pixels above
this threshold belong to the kidney. Since the spleen, the
vertebrae, and some parts of the gastrointestinal tract show
similar signal intensity values as the kidney, this initial
mask had to be further refined. All image segmentation
steps were performed for the right and left kidney
separately.

Because of the very small distance between the superior
pole of left kidney and spleen, the threshold-based algo-
rithm may generate a common area and splits the spleno-
renal recess into two parts. To remove this artificially
generated connection between the kidney and spleen, the
convex hull of the combined area was calculated. Then,
two splenorenal regions could be identified by subtracting
the connected area from the convex hull. The separation of
the kidney from the spleen was performed along the
shortest line connecting the splenorenal regions. Finally,
the obtained binary mask was refined using active contours
[19].

Another step isolated the gastrointestinal tract from the

kidney, because it was also artificially detected as a kidney
in the initial binary mask. The algorithm started at the
central slice where the kidney has its maximum extension
and is not impaired by partial volume effects. Afterwards,
the algorithm propagated outwards in both directions.
Since the gastrointestinal tract is located at the lower end of
the kidneys, only the lower halves of the binary kidney
masks were considered, thus maintaining the already well-
segmented areas. Based on the currently processed mask
(denoted as M;), several test points along the contour were
compared to corresponding points of the previous mask
(denoted as M;_;). If these test points are outside the
segmented area of the previous contour, the form of the
kidney outline of this mask was transferred to the current
mask by taking the intersection of both masks (M; « M; N
M;_p.
Renal structure segmentation: Within the newly gener-
ated entire kidney mask, the renal cortex, medulla, and
pelvis were subsequently separated. This separation
algorithm utilizes assumptions of the renal anatomical
structure, e.g., that the renal cortex surrounds parts of the
medulla.

T1-w images were used to segment the renal cortex for
the left and right kidney separately. Due to intensity
inhomogeneities, a single threshold for the entire kidney
was found to be inadequate. Instead, the classification of
the cortex was realized by analyzing the signal distribution
in each row of the kidney. All pixels with a value above a
local threshold were assigned to the cortex. This threshold
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was calculated as the row’s mean intensity value inside the
kidney mask minus the standard deviation. In addition, the
first and last slices containing kidney tissue pixels (differ-
ent for the right and left kidney) were labeled exclusively
as cortex.

The algorithm for the segmentation of the pelvis used both
T1- and T2-w images. The final pelvis mask was obtained by
fusion of both segmented areas. In T1-w images the pelvis
appears as a hypointense region of the kidney. Images with
T2-w contrast are helpful in differentiation between the
pelvis and ureter. Therefore, the pelvis segmentation was
executed in two steps: fluid (urinary) areas showed lower
signal intensity than renal parenchyma tissue in T1-w ima-
ges. In the first step, the slices including parts of the renal
pelvis were determined in Tl-w images with a fixed
threshold. This threshold was based on the darkest areas of
the image. However, this leads to occasional misclassifica-
tions of fat pixels along the outer parenchyma in cases where
the kidney mask occurs slightly larger than the kidney shape
in T1-w images. Those undesired pixels were identified
through their position (lateral) and deleted from the pelvis
mask. In the second step, the segmentation of the pelvis was
performed in T2-w images, where the pelvis appears as the
brightest area of the entire kidney region. For this purpose,
the pelvis was separated using a region-based threshold
(pixel values higher than 80 % of the mean signal intensity of
the entire kidney were assigned to the pelvis). Afterwards,
the union pelvis mask was subtracted from the cortex mask to
remove the erroneously identified pixels.

Finally, the renal medulla was obtained by subtracting
the cortex and pelvis from the entire kidney mask. The final
volumes of the entire kidneys, renal cortex, medulla, and
pelvis were then calculated by voxel summation (voxel
volume is 9.38 mm3).

Evaluation

A custom user interface based on Matlab was implemented
to create reference standard masks for the entire kidneys
(based on T2-w MR images), renal pelvis (based on T1-
and T2-w images), and medulla (based on T1-w images).
The reference standard masks for each volunteer were
carefully drawn manually in each slice. The reference mask
for the cortex was obtained by subtracting the pelvis and
medulla masks from the entire kidney mask.

For the evaluation of the accuracy of the optimized
algorithm, the volume error (ve) and overlap error (oe) of
the automatic and manual segmentation were calculated
using the following formulas:

ve = abs (M) (1)
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Table 1 Contrast-to-noise ratios between the renal cortex and
medulla for the left (CNR¢m ;) and right (CNR¢m ) kidney, obtained
at different flip angles (FA) using a T1-weighted GRE sequence with
a TR of 132 ms and TE of 2.44 ms. CNR¢. values between liver and
right renal cortex and CNRc/s values between spleen and left renal
cortex are presented as well. FA of 70° is an acceptable trade-off

FA (°) CNRem, CNReme CNRc CNRcss
30 9.57 9.41 1.62 8.18
40 11.96 13.66 1.41 8.78
50 13.04 13.97 6.24 7.76
60 13.20 13.21 6.39 7.75
70 13.70 1291 6.30 8.62
80 11.32 13.46 6.39 6.33
90 11.06 11.61 5.93 5.79

Underlined entries show the optima in each category, the bold entries
signal the chosen trade-off

VMUVaAl—|VMNYV,
e:<|M Al —[Vm A|). 2)

VM

Here, V) and V represent the sets of voxels belonging
to the manually and automatically segmented volumes,
respectively, and the |V operator is used to determine the
cardinality of the sets. To compare the results with existing
work, the volume overlap (vo, also known as Jaccard
index) and Dice’s coefficient (dice) [20] were calculated
according to

Vo = LM N Val (3)
|VM UVA|

2lVmNYV,
dice = <|MA|> (4)
BN

A repeatability study was performed in order to evaluate
the variations between measurements of the same subject
with the same sequence protocol and scanner. One volun-
teer was subsequently scanned three times after reposi-
tioning on the table. Then, for each data set the kidney
volume was obtained by the proposed automatic segmen-
tation algorithm, and the coefficient of variation (standard
deviation divided by the mean) of the three volumes was
calculated.

Results
MRI sequences

In order to be able to differentiate the entire kidneys from
the surrounding organs (liver, spleen, and gastrointestinal
tract) and their internal structures, two MR sequences were
adapted. The contrast-to-noise ratios (CNR) between the
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cortex and medulla in the T1-w GRE images measured at
different flip angles are shown in Table 1. Considering
these CNR values as well as the contrast between the
kidneys and surrounding tissues, an FA of 70° was found to
be an acceptable trade-off.

Table 2 Contrast-to-noise ratios between kidney-liver (CNRg,; ) and
kidney—spleen (CNRg/s) measured at different TEs using a T2-
weighted HASTE sequence with a TR of 1,800 ms. TE of 95ms
turned out to be an acceptable trade-off for all tissues studied

TE (ms) CNRg/ CNRys
61 16.43 0.34
71 19.06 0.96
82 19.86 1.20
92 18.15 251
95 19.28 2.77
102 16.52 3.90
112 15.55 2.95
122 18.79 355

Underlined entries show the optima in each category, the bold entries
signal the chosen trade-off

Table 2 shows CNR values between different tissues in
T2-w HASTE images measured at varied echo times. The
maximum CNR between the kidney and liver was at
TE = 82 ms, while the maximum CNR between the kid-
ney and spleen occurred at TE = 102 ms. Therefore, a TE
of 95 ms was selected for the HASTE sequence. Corre-
sponding T1- and T2-w images of one volunteer obtained
with these adapted sequence parameters are shown in
Fig. 2.

Image registration

To find the optimal registration algorithm, eleven different
parameter sets were tested. For each parameterization, the
percentage deviation of the manually labeled kidney areas
between the T2-w images and the post-registered T1-w
images is exhibited in Fig. 3. In all three slices, high
deviations resulted when we employed the non-rigid
deformation model (parameter sets 1-8). In some of these
cases, the kidney’s inner structures showed even worse
alignment than without registration, while the outer kidney
boundary was well registered. This behavior was most
likely caused by the lack of contrast between the cortex and

Fig. 2 Optimized T1- (a) and T2- (b) weighted images of a healthy subject. In this volunteer, 12 slices with slice thickness of 5 mm (without

gap) were necessary to cover the entire kidneys
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Fig. 3 Percentage deviation in manually labeled kidney areas
between T1- and T2-weighted images using different registration
parameters. Rigid registrations (registration number 9—11) resulted in
a higher internal agreement than non-rigid ones (/-8). Registration 11
showed the best results for all three slices

medulla in the T2-w images. In contrast, using the rigid
deformation model resulted in clearly better alignment both
at the kidney surface and the boundaries inside the kidneys.
The best alignment (mean deviation of 4.26 and 2.87 % for
the left and right kidney, respectively) was obtained using a
rigid deformation model with two resolution levels, cubic
BSpline interpolation, normalized mutual information
metric, and 200 iterations (parameter set 11). The compu-
tation time of this registration procedure was about 70 s per
image, resulting in a processing time of approximately
15 min for the entire data set.

Segmentation algorithm

Figure 4a shows representative results for the kidney mask
creation on the basis of the T2-w images for selected slices.
Figure 4b demonstrates the corresponding successful seg-
mentation of the cortex, medulla and pelvis. All determined
coefficients are summarized in Table 3. The resulting ve of
4.97 £ 4.08 % for the entire kidney and 7.03 £ 5.56 %
for the cortex in all 12 subjects shows a high agreement
between manual and automatic segmentation.

The results of a slice-wise comparison of the manual and
automatic segmentation are shown in Fig. 5. A high cor-
relation of the segmented areas was observed with the
determination coefficients (Rz) of 0.96, 0.88, 0.92, and 0.87
for the entire kidney, cortex, medulla, and pelvis, respec-
tively. Furthermore, the lines obtained by linear regression
(solid lines in Fig. 5) are in good accordance with the lines
of identity (dashed lines), indicating correct tissue area
quantification. Only the pelvis area quantification shows
minor systematic underestimation.
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In the repeatability study, the kidney volume between all
three trials deviated by 4.76 %, calculated from the within-
subject coefficient of variation. The internal structures
showed deviations of 6.35 % (cortex), 1.74 % (medulla),
and 16.33 % (pelvis).

The automatically (manually) obtained mean total volume
of both kidneys over all volunteers was 404.8 + 70.9 cm®
412.1 = 71.7 cm3).The mean volumes of the cortex, medulla
and pelvis were determined to 252.1 £ 42.1 cm®
(263.9 £ 47.7 cm’), 108.9 £ 16.1 cm’ (104.0 + 16.8 cm’),
and 44.0 £ 24.7 cm® (45.8 & 18.6 cm®) respectively. The
ratio between the cortex and the entire kidney volume was, on
average, 64.0 + 3.0 % (62.4 + 2.5 %), while the ratio
between medulla and the entire kidney volume was
254 +3.0 % (27.1 £ 3.1 %).

The computation time of the segmentation algorithm
including mask generation, region determination, and
export of the results was about 50 s for the entire data set.

Discussion

The presented technique provides a reliable automatic
volumetric segmentation of the entire kidneys as well as
the renal cortex, medulla, and pelvis in healthy volunteers
based on non-contrast-enhanced MR images. A good
agreement between automatic and manual segmentation of
the entire kidneys was obtained.

In recent years, a number of studies of renal volumetric
segmentation have been reported [1, 2, 13]. However, a
straightforward comparison of their results is not always
possible because some authors do not report the volume
error values. The automatically calculated total kidney
volume of 405 & 71 cm® for both kidneys in healthy
subjects agrees with the range of values reported in liter-
ature, e.g., Cheong et al. [21] have shown a single kidney
volume of 202 &+ 36 ml for men and 154 &+ 33 ml for
women.

Tang et al. [13] proposed an automatic renal segmen-
tation algorithm using contrast-enhanced MR images. They
also compared their results to manual segmentation and
calculated the overlap error. However, calculations have
been performed with an equation that slightly differs from
our definition of the volume overlap parameter. With an
overlap of 66 % for the cortex and 76 % for the medulla,
we are in the same range. For the renal pelvis, Tang et al.
have reported a reasonable agreement of automatic to
manual segmentation of nearly 90 %.

Gloger et al. [22] recently presented a fully automated
kidney segmentation algorithm of 3D non-contrast-
enhanced MR images acquired with a Tl1-w VIBE (vol-
ume-interpolated breath-hold examination) sequence. They
have reported a volume error of 7.5 % for the right and
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Fig. 4 a Automatically created segmentation masks for the entire
kidneys of one healthy volunteer for all slices. b Visualization of the
automated segmentation of the entire kidneys (green), renal cortex

10.7 % for the left parenchyma, which is slightly worse
compared to our results (ve ~5 %). Furthermore, the
results of our method (O) and of Gloger et al. (G) for the
overlap error (O: 20 %, G: 25 %), the volume overlap (O:
82 %, G: 78 %), as well as the dice coefficient (O: 90 %,
G: 86 %) for the entire kidneys showed a high agreement
to the manual segmentation. In contrast to Gloger et al., our
algorithm segments also the medulla and pelvis. To the
best of our knowledge, none of the approaches in the

(% ¢% ¢

¢

(red), medulla (yellow), and pelvis (blue) for several slices superim-
posed to T1-weighted MR images

literature segmented the renal pelvis from native MR
images. Additionally, our method paid attention to the
combination of adapted MR images with an ordinary post-
processing algorithm.

Slice orientation proved to be of crucial influence on
kidney segmentation in MRI. Axial slice orientation pro-
vides only minor partial volume effects in the kidneys [23],
but a higher number of slices have to be acquired covering
the entire kidneys at the given slice thickness. This leads to
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Table 3 Mean and standard deviation values (in %) for the volume
error (ve), overlap error (oe), volume overlap (vo), and dice’s coef-
ficient (dice) calculated from all 12 subjects

Kidney Cortex Medulla Pelvis
ve 497 +4.08 7.03+£556 1233 +735 17.57 + 1447
oe 12.58 248 37.35 £ 6.04 56.36 + 8.58 54.40 + 12.14
vo  88.07 £230 67.92+£451 57.14£5.17 5653 £8.72
dice 93.64 £ 1.31 80.82 £3.22 72.59 £4.30 71.87 £ 691

an acquisition time potentially exceeding the breath-hold
capacity. Using coronal or sagittal slice orientation,
breathing movements showed the lowest through-plane
component [24]. Since sagittal slice orientation requires a
high number of slices to cover both kidneys and addi-
tionally showed worse partial volume effects, coronal slice
orientation was considered the best choice regarding both
measurement time and motion-related artifacts.

Our comparison of different approaches to image reg-
istration revealed that a non-rigid registration achieves a
better adaptation of the outer structures of the kidney.
Unfortunately, the medulla and pelvis regions showed
strong deformations, which are not acceptable for the
accurate volumetry of internal renal structures. In contrast,
the rigid registration seems to be clearly beneficial for outer
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as well as internal structures. The still existing mismatch of
the outline registration leads to a higher overlap error of the
cortex, medulla, and pelvis in our study.

Study limitations

Limited quality of segmentation evolves from the border
slices. Partial volume effects [23, 25] due to finite slice
thickness and overlapping with other organs lead to erro-
neous calculation of the volume. Since scan time is limited
due to the breath-hold phase, a relatively coarse voxel size
of 1.71 x 1.37 x 5 mm’ was used in our study. A higher
image resolution will improve the volumetric results and
diminish the effects of the imprecise volumetric calculation
of the first and last slices for both manual and automatic
segmentation.

A potential problem that has to be accounted for is the
separation of the spleen from the kidney. This problem
increases in thin volunteers because the fat deposit between
the spleen and kidney is almost completely lacking in those
individuals. Parts of the kidney might be artificially
removed by the algorithm, but this part was added (at least
for the most part) automatically afterward by the snake.

Another limitation is the correct determination of the
renal pelvis. The pelvis size depends on the fluid status of
each volunteer and possibly on the actual flow conditions.
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Fig. 5 Comparison of manually and automatically created segmentation areas of single slices for the entire kidney (a), cortex (b), medulla (c),
and pelvis (d) of all 12 volunteers (dashed line equates to the line of identity). One pixel equates 1.88 mm?
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However, those effects were not considered in this study. The
overlap errors regarding the medulla and particularly the
renal pelvis are more pronounced than for the renal cortex.
The reason for this is an increase of the volume error due to
geometrical features (e.g., large surface) in those compart-
ments. It is well-known that a correct determination of the
border of the pelvis in native MR images is critical. So the
volume error of more than 17 % is in a reasonable range, but
still stands to be improved. Some studies reported in the
literature using dynamic contrast-enhanced approaches [13]
have shown somewhat better results, but it should be kept in
mind that our approach works without the administration of
contrast medium.

Proposed sequence types and parameters can also be
applied for studies on other MR scanners operating at 1.5T
(especially if the used receiver coils have similar sensitivity
and spatial characteristics). Suitable threshold values
should be adapted if the measurement setup is changed,
since the measured signal intensity depends on the hard-
ware and software situation of the used MR unit. The
optimization of the acquisition parameter was performed at
a field strength of 1.5T. A change in field strength usually
results in modified tissue contrast. Relaxation times of
tissue do not behave linearly with field strength, and
therefore sequence parameters should be optimized again,
if measurements for renal segmentation are planned at
different field strengths (e.g., 3 Tesla).

The presented segmentation algorithm has been proven on
healthy volunteers. Lee et al. [26] recently reported that in
some renal diseases the corticomedullary contrast is modified
oreven decreased. Similar to our approach, T1-w images were
used for the differentiation of the cortex and medulla. It cannot
be precisely stated yet how reliable the proposed algorithm
will work in patients even under conditions with a weakened
contrast between the cortex and medulla. In our work, we
optimized the parameters of T1-w sequences regarding the
relevant contrast between the medulla and cortex. With an
inherent contrast-to-noise ratio of approximately 13 between
the medulla and cortex obtained in healthy subjects, there
remains some tolerance even in cases with slightly changed
tissue properties. The proposed segmentation procedure is
expected to work quite well in cases with normal signal
characteristics of the renal compartments, but changes in
respective volumes. It is clear that renal diseases that lead to
strong changes in signal yield in T1- and T2-w MRI (e.g.,
tumors, cysts) will not allow the correct quantification of
compartment volumes using the given approach.

Conclusion

In conclusion, the combination of adapted MR images,
image registration, and automatic segmentation provides

reliable and repeatable volumetric results of the entire
kidney, renal cortex, medulla, and pelvis without applying
contrast media. With a total image post-processing time of
approximately 16 min, including registration and segmen-
tation, the presented method is much faster than manual
segmentation.

Implementing the proposed framework in clinical rou-
tine offers a noninvasive approach for the assessment and
monitoring of morphological changes by calculating the
ratio between the cortex and the entire kidney volume. This
is especially interesting since cortical volume is known to
decrease over time in some patients with affected kidneys
[27, 28].
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