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Image Registration for Triggered and NonTriggered DTI of the Human Kidney: Reduced
Variability of Diffusion Parameter Estimation
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Background: To investigate if non-rigid image-registration reduces motion artifacts in triggered and nontriggered diffusion tensor imaging (DTI) of native kidneys.
A secondary aim was to determine, if improvements
through registration allow for omitting respiratorytriggering.
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Methods: Twenty volunteers underwent coronal DTI of
the kidneys with nine b-values (10–700 s/mm2) at 3
Tesla. Image-registration was performed using a multimodal nonrigid registration algorithm. Data processing
yielded the apparent diffusion coefficient (ADC), the contribution of perfusion (FP), and the fractional anisotropy
(FA). For comparison of the data stability, the root mean
square error (RMSE) of the fitting and the standard deviations within the regions of interest (SDROI) were
evaluated.

DIFFUSION-WEIGHTED (DW) MRI methods appear
promising for the noninvasive functional assessment
of kidneys (1–5). DWI yields the apparent diffusion
coefficient (ADC) (6,7) and may also provide information on concurrent micro-circulation (8), including
capillary perfusion, quantified with the “perfusion
fraction” (FP). Moreover, performing diffusion tensor
imaging (DTI) instead of DWI (9,10) yields the fractional anisotropy (FA) which provides advanced structural information, such as tubular arrangement and
integrity. Recently, there have been several studies
performing DTI in abdominal organs including human
kidneys (11–14). However, abdominal DTI is very sensitive to motion artifacts caused by respiratory motion
leading to phase misregistration, blurring, and signal
void (15). To reduce severe physiological motion artifacts, DTI scans are commonly performed either during a breathhold period, at the expense of the signal
to noise ratio, which may not be feasible for some
patients, or using respiratory triggering methods at
the expense of measurement duration (12). Nevertheless, residual motion artifacts still remain in triggered
scans and may thus increase the variability of
diffusion-parameters due to the inclusion of different
tissue types in the region of interest (ROI), in addition
to the general inevitable variability introduced by the
ROI selection (16). For instance, the estimation of the
perfusion contribution (FP) demonstrated a relatively
large variability (17,18), which may in part be due to
residual motion effects. Therefore, performing motion
correction by image registration may reduce the effect
of motion artifacts on the variability of diffusionparameters in renal DTI. Moreover, retrospective
image registration may even allow for acquiring DTI
scans without respiratory triggering.
Several registration techniques have been presented
and applied to the imaging of different organs, including renal scans, to define correspondences between

Results: RMSEs decreased significantly after registration for triggered and also for non-triggered scans
(P < 0.05). SDROI for ADC, FA, and FP were significantly
lower after registration in both medulla and cortex of triggered scans (P < 0.01). Similarly the SDROI of FA and FP
decreased significantly in non-triggered scans after registration (P < 0.05). RMSEs were significantly lower in triggered than in non-triggered scans, both with and without
registration (P < 0.05).
Conclusion: Respiratory motion correction by registration of individual echo-planar images leads to clearly
reduced signal variations in renal DTI for both triggered
and particularly non-triggered scans. Secondarily, the
results suggest that respiratory-triggering still seems
advantageous.
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sets of images (19–23). Image registration algorithms
are mostly classified either based on matching landmarks or matching intensity information. In this
study, we propose an intensity based image registration that uses point-wise mutual information (24) to
deal with the intensity variations resulting from the
use of different b-values in DTI. Moreover, the optimization of the algorithm is performed on a diffeomorphic vector field to ensure both the accuracy and the
smoothness of the deformation.
The primary objective of the current study was,
therefore, to retrospectively perform image registration of individual echo planar (EP) DT images of
human kidneys in respiratory triggered and nontriggered measurements, to compare the variability of
the acquired data, the calculated diffusion parameters
and image blurring after registration with the standard processing. The secondary aim was to compare
triggered with non-triggered scans, to determine if retrospective image registration may render triggering in
abdominal DTI unnecessary.

MATERIALS AND METHODS
Subjects
Twenty healthy volunteers (14 female, 6 male, mean6 standard deviation of age: 26.1 6 6.2 years, range:
18–48 years), with no history of renal disease, hypertension or any systemic disorders affecting the kidneys
participated in the current study. The volunteers were
selected based on personal declaration, excluding
potential renal or other dysfunction or specific medication. The subjects were told to eat and drink moderately before the MR examination. The local ethics
committee approved the study protocol and all subjects provided written informed consent and agreement
form before the MR examination. The study is registered with ClinicalTrials.gov (NCT00575432).
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parallel acquisition, GRAPPA; acceleration factor ¼ 3),
a bandwidth of 2300 Hz per pixel, matrix size of 128 
128 pixels and acquisition number of 2.
All 20 subjects were investigated using respiratorytriggered DTI with a stretchable elastic belt, wrapped
around the abdomen. For a subgroup of eight subjects
in addition to the one with triggering, a second DTI was
performed without triggering using the same parameters as the triggered, except for TR which was set to
TR ¼ 3000 ms, resulting in a fixed measurement time
of 6 min. The measurement time was recorded for the
respiratory controlled investigations to comparison
with the time required for scans without triggering.
Nonrigid Image Registration
Registration of individual images was performed using
an in-house developed image registration software
based on the method proposed by Lu et al. (24). Conceptually, the fusion of two images is driven by an
optimization that seeks to maximize the mutual information between the two images. To ensure solvability
of optimization, the problem is cast as maximization
of a cost function (loosely speaking also referred to as
“energy function”), E(s), comprising two components:
a similarity term and a regularization term:
EðsÞ ¼ simðF ; M 8sÞ þ aRegðsÞ

[1]

where M8sdenotes the image M by resulting from the
transformation s, SimðF ; M 8sÞ is the similarity criterion measuring the resemblance of the two images,
the regularization term RegðsÞregularizes the dense
field to yield smooth deformations and a is a weighting factor controlling the amount of regularization.
The optimization of the energy function is performed using the finite-difference method to compute
the gradient of the cost function in an efficient way.
The resulting transformation s is finally regularized
with a Gaussian kernel to yield a smooth transformation resembling those found in biological processes.

MRI Examination
MR imaging was performed on a clinical 3 Tesla (T)
scanner (Siemens, Healthcare, Erlangen, Germany)
with a maximum gradient strength of 40mT/m, using a
six-channel array body coil in combination with a spine
matrix coil. For acquiring morphological images, all
subjects underwent a coronal T1-weighted FLASH scan
(fast low angle shot, repetition time [TR] of 68 ms, echo

time [TE] of 3.17 ms, flip angle of 70 ) with two breathholds of 11 s each and additionally T2 (HASTE)
weighted (half Fourier acquisition single shot turbo spin
echo, TR of 2000 ms, TE of 89 ms, and refocusing angle

of 150 ) sequence within three breathholds of 13 s each.
For functional evaluation, a diffusion weighted single
shot EP fat saturated sequence was performed with
nine different b-values between 10 and 700 s/mm2:
(10, 20, 50, 100, 180, 300, 420, 550, 700 s/mm2) in
six noncollinear directions. The DTI was acquired
using the following parameters: TRmin ¼ 3300 ms,
TE ¼ 66 ms, field of view ¼ 30 cm  30 cm, seven coronal slices with a thickness of 5 mm and a gap of 2 mm,
parallel imaging (generalized autocalibration partially

Data Analysis
Data processing was performed using an in-house
IDL program (Interactive Data Language, ITT, Boulder,
CO). For every subject, 756 images were obtained for
each DTI scan (with / without triggering scheme),
from seven slice positions, two repetitions, and nine
b-values in six directions. Of the seven slices, the
three central slice positions (108 images for each position) were selected for analysis for each case covering
most of the kidneys.
ROIs were manually drawn on the coronal T1weighted images (Fig. 1) and simultaneously on the
corresponding diffusion images of the three slice positions separately for each subject. The ROIs were positioned in upper pole, middle pole, and lower pole of
the medulla and cortex of both kidneys (maximum 18
ROIs for each kidney, with few ROIs left out, if cortex
and medulla were not clearly separated in the anatomical MR images). Instead of using identical ROIs
for original and registered images as was done in a
first analysis of a subgroup of the data (published at
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Figure 1. Example of ROIs
positioned on DT image (a)
and corresponding morphological image (b). [Color figure
can be viewed in the online
issue, which is available at
wileyonlinelibrary.com.]

ISMRM (25)), the ROIs were placed carefully and separately for the triggered and non-triggered scans, as
well as for the registered and the nonregistered
images. The individual diffusion weighted images
were displayed continuously and this image flow was
saved as a movie, to control the ROI positions.
Because of motion induced renal position shifts
between diffusion images, ROI placements based on
only one diffusion image may be flawed.
Fitting Algorithm
Diffusion parameters were calculated pixel by pixel in
two ways: First, a single ADC-value (ADCT) was calculated using a weighted linear fit of lnðS i Þ according to:
Si ¼S 0 e b i ADC T

[2]

where Si is the measured signal intensity of the ith
b-value of the image, bi represents the corresponding
b-value, and S0 is the estimated signal intensity without diffusion weighting (b¼0 s=mm 2 ). The monoexponential fitting was performed (a) including images of
all b-values to obtain the parameter ADCT, (b) for two
different groups of b-values: images acquired with low
b-values (b  100 s/mm2, which are affected by both
perfusion and diffusion) and high b-values (b  100
s/mm2, which are affected mostly by diffusion). This
latter fitting was performed to determine the deviation
of the data from the model fitting separately for the
perfusion and diffusion contributions (see below).
Second, biexponential fitting model was performed
with a Levenberg Marquardt algorithm on the DWI
data to separate diffusion and microperfusion contributions to signal decay as follows (8):


[3]
Si ¼ S0  Fp  e bi ADCp þ ð1  fp Þ  e bi ADCD
where Fp is the perfusion fraction, ADCD represents
predominantly pure diffusion, and ADCp is pseudoperfusion and is dominated by the much faster microcirculation (8).

well as to compare between triggered and nontriggered scans, two different analysis methods were
applied.
First, deviations of the biexponential diffusion fitting model were evaluated by comparing RMSE of the
fitting procedures. Because RMSE values scale with
the signal intensity, RMSE values are presented relative to the fitted signal intensity S0. Two mean RMSE
values were calculated by averaging all RMSEs of
each analyzed pixel in both medulla and cortex.
Second, standard deviations were calculated for the
diffusion parameters from all pixels within each ROI
(SDROI). Then these individual SDROIs were averaged
over all ROIs, as a criterion for stability. This procedure was based on the assumption that the ROIs
were placed as good as possible on homogeneous tissue with similar diffusion properties. Thus low variances within ROI variances are projected, and
differences in variations between original and registered images are assumed to be due to motion.
RMSE and SDROIs were calculated and statistically
compared for all 20 subjects, who underwent respiratory triggered DTI. To compare triggered and nontriggered scans for the same subjects, RMSE values
and SDROIs were calculated in addition, for the subgroup of eight subjects, who underwent both triggered
and nontriggered scans.
The Kolmogorov-Smirnov-Test was used to determine normal distribution. Paired t-tests were applied
for group comparisons of RMSE, SDROIs, and DTI
parameters for: (a) with and without registration, (b)
triggered and non-triggered scans, and (c) cortex and
medulla. Bland Altman plots were used to evaluate
correlations between difference and mean of RMSEs
with and without using the registration algorithm.
The statistical analyses were performed using Microsoft Office Excel 2007 and SPSS version 18.0 (SPSS
Chicago, IL). P-values of less than 0.05 were considered significant.
RESULTS

Statistical Analysis
To analyze the variation of the acquired data and to
compare the results with and without registration, as

All 20 investigated subjects were included in the analysis, i.e., no measurement was excluded due to insufficient quality. Figures 2 and 3 show example ADC
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Figure 2. Comparing ADCT, S0,
and FA maps of an original and
registered triggered scan for
one example. Parameter maps
of original image (a,c,e) and
registered image (b,d,f): ADCT
(a,b), S0 (c,d), and FA (e,f). In
this example, the FA map of
registered
images
shows
slightly less noise and distortion compared with those from
original scans; however, the S0
and ADCT maps appear almost
identical.

Figure 3. Comparing ADCT,
S0, and FA maps of an original
and registered non-triggered
scan for one example. Parameter maps of original image
(a,c,e) and registered image
(b,d,f): ADCT (a,b), S0 (c,d), and
FA (e,f). In this example, the
ADCT, S0, and FA maps of registered measurements demonstrated visually less noise and
blurring artifacts compared
with those from original scans.
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Figure 4. Comparison of RMSE
of medulla (a) and cortex (b)
between original and registered
measurements for 20 subjects
scanned with respiratory triggering, for the subgroup of 8 subjects scanned with triggering, as
well as for 8 subjects meausred
without triggering (***P < 0.001;
**P < 0.01; *P < 0.05).

and S0 maps as well as FA maps of triggered and nontriggered scans, respectively, calculated from original
and from registered images. In this example, the
maps of non-triggered scans appear visibly improved
after registration. Two example movies, created from a
continuous display of DW images, are presented in
the Supplementary Videos S1 and S2, which are available online, demonstrating reduced jiggle on these
two examples after registration.
Quantitative Results
ROI Size
The mean total number of ROIs for medulla and cortex
were 17.9 6 0.5 and 17.0 6 2.8, respectively, and mean
individual ROI size was 0.31 6 0.01 cm3 and
0.25 6 0.09 cm3 for medulla and cortex respectively,
corresponding to a total ROI size of 5.5 6 1.8 cm3 and
4.4 6 1.5 cm3, respectively). The ROIs were not significantly different between triggered and non-triggered
scans, and between registered and nonregistered scans.
Comparison of Data Variability

RMSE (P < 0.003) in both medulla and cortex in the
non-triggered scans of eight subjects.
The Bland Altman graph of RMSE calculated from
original and registered images of medulla and cortex in
triggered and non-triggered measurements (Fig. 5) demonstrates that (1) RMSE is mostly lower with registration for both triggered and non-triggered scans, (2) the
difference between nonregistered and registered measurements is greater for non-triggered scans compared
with triggered scans, and (3) the difference appears to
be independent of the average in triggered scans, while
the difference increases slightly with the mean in nontriggered scans, i.e., RMSE improved more due to registration in images with high RMSE values, though this
increase was not significant (R ¼ 0.44; P ¼ 0.09).
The RMSEs of triggered scans were significantly
lower than those of non-triggered scans, when calculated from original images (P < 0.01). The reductions
in RMSEs after registration were more remarkable for
non-triggered than for the corresponding group of
triggered scans (Figs. 4 and 5). However, on the registered images, the RMSEs calculated for triggered
scans were still significantly lower than those of nontriggered scans (P < 0.03).

RMSEs
RMSE (P < 0.0001) was significantly decreased after
applying registration in both medulla and cortex in
the triggered scans of 20 subjects (Fig. 4). Correspondingly, a significant decrease was obtained for

SDROI
The SDROI of all determined diffusion parameters, i.e.,
ADC, FA, and FP parameters were significantly lower

Figure 5. Bland-Altman plots comparing original and registered RMSE in medulla and cortex for the 8 non-triggered measurements, Mean ¼ 1.41 & SD ¼ 0.89 (a), the 20 triggered measurements, Mean ¼ 0.3 & SD ¼ 0.23 (b).
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Table 1
Standard Deviations Within the Regions of Interest (SDROI) (a) and Mean 6 SD of All Pixels Within ROIs of the DTI Parameters (b) in
Medulla and Cortex of Triggered Scans
(a) SDROI of triggered parameters

Medulla

Cortex

Orig.
Reg.
P-value
Orig.
Reg.
P-value

ADCD [105 mm2/s]

ADCT [105 mm2/s]

FA

FP[%]

13
11
<0.01
10
8
<0.01

13
11
<0.01
9
7
<0.01

0.08
0.07
<0.01
0.06
0.05
<0.01

0.06
0.05
<0.01
0.04
0.03
<0.01

(b) Mean values of triggered parameters

Medulla

Cortex

Orig.
Reg.
P-value
Orig.
Reg.
P-value

ADCD [105 mm2/s]

ADCT [105 mm2/s]

FA

FP[%]

202612
200612
<0.05
210612
210611
>0.5

218614
219615
>0.3
232616
231615
>0.2

0.3560.04
0.3260.04
<0.01
0.2560.03
0.2360.04
<0.01

7.362.2%
8.062.5%
<0.01
9.762.3%
9.8%62.3%
>0.3

P-values compare original versus registered results.

after registration in both medulla and cortex of triggered measurements (P < 0.01; Table 1a). Similarly
the SDROI of FA in both cortex and medulla (P < 0.01)
and SDROI of FP in cortex (P < 0.05) decreased significantly in non-triggered scans. The SDROI of ADCD and
ADCT values in non-triggered scans were almost identical in medulla (P > 0.4) and only slightly lower in
cortex (p>0.1) after performing registration (Table 2a).
The SDROIs were not very different between triggered
and non-triggered scans (Tables 1a, 2a): SDROIs of
most parameters in cortex and medulla were lower in
triggered scans, however, this was significant only for
medullary ADCD of registered images.

Comparison of Mean Values
Comparison of Mean Values between Original and
Registered Images
As Tables 1b and 2b show, the mean values of most
ADCs and FP values derived from registered images
were similar to those from original images in both triggered and non-triggered scans. However, medullary
ADCD and FP in triggered scans appeared to be
slightly but significantly different (P < 0.05, P < 0.01,
respectively) after registration. Similarly the mean FA
of medulla and cortex in triggered scans decreased
significantly after registration (P < 0.01). In non-

Table 2
Standard Deviations Within the Regions of Interest (SDROI) (a) and Mean 6 SD of All Pixels Within ROIs of the DTI Parameters (b) in
Medulla and Cortex of Non-triggered Scans
(a) SDROI of non-triggered parameters

Medulla

Cortex

Orig.
Reg.
P-value
Orig.
Reg.
P-value

ADCD [105 mm2/s]

ADCT [105 mm2/s]

FA

FP[%]

14
14
>0.4
12
11
>0.2

12
12
>0.4
9
8
>0.1

0.08
0.07
<0.01
0.07
0.05
<0.01

0.06
0.05
¼0.07
0.05
0.04
<0.05

(b) Mean values of non-triggered parameters

Medulla

Cortex

Orig.
Reg.
P-value
Orig.
Reg.
P-value

ADCD [105 mm2/s]

ADCT [105 mm2/s]

FA

FP[%]

194617
190614
¼0.07
202614
204615
>0.2

214614
215610
>0.4
223612
228614
¼0.07

0.3360.08
0.2960.05
<0.05
0.2860.06
0.2260.03
<0.05

8.662.3%
11.363.3%
¼0.06
7.564.0%
11.163.8%
¼0.09

P-values compare original versus registered results.
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triggered scans (Table 2b) the FA values of medulla
and cortex showed similarly a significant difference
between with and without registration (P < 0.05).
Comparison of Mean Values between Triggered and
Nontriggered Scans
The comparison of medullary and cortical diffusion
parameters between triggered and non-triggered scans
showed that non-triggered scans had lower ADC values, which were significantly lower for ADCD
(P < 0.05). Medullary FP was higher in the nontriggered scans than in the triggered images. Other
parameters were not significantly different between
triggered and non-triggered scans.
Comparison of Mean Values between Cortex and
Medulla
All diffusion parameters of triggered scans showed a
highly significant difference between medulla and cortex, with and without registration (P < 0.001 for all,
Table 1b).
Most parameters were also significantly different
between medulla and cortex in non-triggered scans
(Table 2b; P < 0.01). However, medullary and cortical
FP values were similar for the original scans
(8.6 6 2.3% and 7.5 6 4.0%, respectively) and also
after registration (11.3 6 3.3% and 11.1 6 3.8%,
respectively).
Acquisition Time
The acquisition times of non-triggered and triggered
measurements were 6.0 min (fixed) and 11.2 6 4.4
min (range: 8–28 min), respectively. The acquisition
time of triggered scans highly depended on the
breathing cycle of the individual subject. Performing
DTI measurements without respiratory triggering
reduced
the
measurement
time
by
50%
approximately.
DISCUSSION
The results of the current study demonstrated the
benefit of using registration in individual EP-images
in renal DTI by clearly reduced signal variations. This
was shown in both triggered and non-triggered scans
by reduced RMSEs in cortex and medulla and additionally by reduced standard deviations within ROIs,
indicating lower artificial occurrences of edge effects
in the tissues.
The comparison of triggered versus non-triggered
scans showed that although the RMSEs were reduced
more substantially in non-triggered than triggered
scans after performing registration, the triggered
scans still have lower RMSEs. Additionally the means
of all diffusion parameters of triggered scans were
highly significantly different between cortex and
medulla (corresponding to previous finding) (4) while
the mean FP did not differ significantly in nontriggered scans. To differentiate medullary and cortical regions, it thus appears necessary to acquire the
images of small renal structures almost without any

7

motion. However, if fast acquisition is required,
acquiring images without respiratory triggering and
subsequently using registration without any prolongation of scan time could be an alternative for patients,
or in transplanted kidneys, where the respiratory
motion effects are lower than in native kidneys.
The benefit of the registration algorithm appeared to
be more substantial for images with stronger deviations (high RMSEs) in non-triggered scans and the
improvement of triggered scans was less than for nontriggered scans. These results may indicate that in
images with low RMSEs, further improvement of
motion related artifacts is very difficult and that
remaining artifacts are mostly acquisition related,
including signal voids, or through-plane motion.
The mean values of ADCs and FA in medulla and
cortex of triggered and non-triggered scans are in
agreement with the results of previous studies (4,11).
Nevertheless, the calculated mean values of FP are
lower than those in previously published papers
(4,13,15). This apparent discrepancy could be
explained primarily by shorter echo times used in the
present study (21). Lower FP may in addition be due
to the exclusion of images without motion probing
gradients (b ¼ 0 s/mm2), improved signal stability
(lower spurious inclusion of signals from other tissue,
e.g., from pelvis) and by slight processing differences.
The mean of ADCD and ADCT were very similar
between original and registered images in both triggered and non-triggered scans. However, some parameters were different between original and registered
images. This can be due to including different tissue
types in the registered and original images. While
blurring of tissue types such as medulla and cortex in
registered scans would result in smaller corticomedullary differences (as was observed, e.g., for ADCs in
non-triggered scans), inclusion of pelvic tissue or even
from areas outside the kidney may lead to other
erratic differences between mean values from original
and registered images. The results that some diffusion
parameters were different between triggered and nontriggered scans, but also between original and registered scans, suggests that at least these parameters
should not be compared directly between groups,
when different triggering schemes or different processing methods are used.
A limitation of the present study is that the number
of subjects for non-triggered scans may not be sufficient for a final decision on whether or not retrospective image registration can render respiratory
triggering unnecessary. Another limitation concerns a
slight bias of the SDROI calculation: The lower SDROI
after registration may to a small amount be due to
blurring introduced by the linear interpolation. However, the better corticomedullary differentiation in registered scans, shows that this effect is only minor.
Further work will focus on the registration algorithm to improve the way, intensity and landmark
information are combined by exploring a more specific
radial basis function.
In conclusion, the application of registration of individual images in abdominal DTI improves signal stability without prolonging scan time.
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