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Purpose: To assess the effect of respiratory motion and cardiac driven pulsa-
tion in renal DWI and to examine asymmetrical velocity-compensated diffusion
encoding waveforms for robust ADC mapping in the kidneys.
Methods: The standard monopolar Stejskal-Tanner pulsed gradient spin echo
(pgse) and the asymmetric bipolar velocity-compensated (asym-vc) diffusion
encoding waveforms were used for coronal renal DWI at 3T. The robustness
of the ADC quantification in the kidneys was tested with the aforementioned
waveforms in respiratory-triggered and breath-held cardiac-triggered scans at
different trigger delays in 10 healthy subjects.
Results: The pgse waveform showed higher ADC values in the right kidney
at short trigger delays in comparison to longer trigger delays in the respiratory
triggered scans when the diffusion gradient was applied in the feet-head (FH)
direction. The coefficient of variation over all respiratory trigger delays, averaged
over all subjects was 0.15 for the pgse waveform in the right kidney when diffu-
sion was measured in the FH direction; the corresponding coefficient of variation
for the asym-vc waveform was 0.06. The effect of cardiac driven pulsation was
found to be small in comparison to the effect of respiratory motion.
Conclusion: Short trigger delays in respiratory-triggered scans can cause higher
ADC values in comparison to longer trigger delays in renal DWI, especially in the
right kidney when diffusion is measured in the FH direction. The asym-vc wave-
form can reduce ADC variation due to respiratory motion in respiratory-triggered
scans at the cost of reduced SNR compared to the pgse waveform.
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1 INTRODUCTION

Diffusion-weighted imaging (DWI) has been gain-
ing attention in renal imaging and apparent diffusion

coefficient (ADC) mapping has been proposed as a
potential biomarker for the assessment of renal fibrosis
in chronic kidney disease and renal carcinoma [1–6].
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Consensus-based technical recommendations have
recently been summarized for clinical translation of renal
DWI, proposing a respiratory triggered or gated acquisi-
tion to mitigate respiratory motion effects [7]. However,
there are only limited studies investigating the impact of
physiological motion on renal DWI [8–13].

The traditional Stejskal-Tanner pulsed gradient spin
echo (pgse) diffusion encoding waveform has two trape-
zoidal gradients of equal strength and duration on either
side of a refocusing pulse in a spin echo sequence [14].
Random motion of spins during the diffusion encoding
period causes spin phase dispersion and subsequently sig-
nal loss, which is the basis of the diffusion contrast. How-
ever, sources of motion that are not due to the random
motion of spins, such as respiratory motion, cardiovascu-
lar motion, peristaltic motion, or involuntary bulk motion
of the subject may also cause intravoxel dephasing and
therefore signal loss, thereby confounding the obtained
diffusion-weighted images and estimated diffusion param-
eters. If the motion is severe enough, it is possible that
complete intravoxel dephasing will occur, causing the
measured signal to be at the noise floor and the diffu-
sion coefficient to be erroneously measured to be much
greater than that of the free diffusion of water. DWI in the
abdomen is especially susceptible to respiratory and car-
diovascular motion due to the close proximity of the heart,
lungs, and large pulsating vessels. Coronal slices have the
advantage that they can more easily provide full kidney
coverage than axial slices, but they can be susceptible to
in-plane motion artifacts [15].

Respiratory-triggered scans are typically used to over-
come subject respiratory motion both in the kidneys
[1–6,8,9,13,16–18] and other organs such as the liver
[19–24]. Cardiac-triggered scans have also been proposed
to overcome motion artifacts caused by cardiac driven
pulsation [22,25–27]. However, the low efficiency of simul-
taneous respiratory and cardiac-triggered DWI scans can
make cardiac triggering impractical in a clinical setting.
Furthermore, it has been suggested that renal blood flow
is pulsatile and depends on the cardiac cycle, which affects
the perfusion fraction [13] and, therefore, renal ADC val-
ues when low b-values are used [8,10,12]. In the literature,
there is a large variation of reported ADC values in renal
DWI, both between subjects and between studies, which
could be due to factors such as physiological variation,
the effect of perfusion signal or the choice of b-values
[3], but can also be attributed in part to physiological
motion.

Motion-compensated diffusion encoding gradient
waveforms have recently been proposed as alterna-
tives to overcome the effects of motion in DWI of other
organs such as the heart [28–32], the liver [27,28,33–39],
and the pancreas [40]. A symmetric bipolar velocity

compensated waveform (sym-vc) can be designed such
that the gradient first moment (m1 = 𝛾 ∫ tG(t)dt) is equal
to zero, meaning that spins which move with a constant
velocity accumulate no extra phase and therefore no sig-
nal is lost. The sym-vc waveform is not optimal in terms
of TE as there is a deadtime between the excitation and
refocusing pulses that is not used for diffusion encoding
when an EPI readout is used. Several different motion
compensated diffusion encoding waveforms that use an
asymmetric design for TE optimization have been pro-
posed [28,29,33–39,41–44]. A formulation was recently
introduced for the on-the-scanner computation of a near
TE-optimal motion-compensated diffusion waveform
with concomitant field correction, labeled as the asym-
metric velocity compensated diffusion encoding waveform
(asym-vc), which allows for flexibility in DWI protocol
optimization [35].

The purpose of this work is to assess the effect of res-
piratory and cardiac driven pulsation in renal DWI and
to evaluate the near TE-optimal asymmetrical velocity
compensated diffusion encoding asym-vc waveform in the
context of coronal ADC mapping in the kidney.

2 METHODS

2.1 MRI measurements

MRI measurements were performed in 10 healthy vol-
unteers (mean age, 30± 5 y) on a 3 T Ingenia Elition X
scanner (Philips Healthcare, Best, Netherlands), with a
maximum gradient amplitude of 45 mT/m and a max-
imum slew rate of 220 T/m/s. The built in 12-channel
posterior and 16-channel anterior coil were used for sig-
nal reception. The study was approved by the local ethics
commission and all volunteers consented for their partici-
pation in the study.

Breath-held cardiac triggered scans, respiratory trig-
gered dynamic scans and respiratory triggered ADC mea-
surements using both pgse and asym-vc diffusion encoding
waveforms were carried out in subsets of the 10 total vol-
unteers. All DWI was carried out in the coronal plane
using a single-shot echo planar readout with a FOV of
240 x 312 mm2, an in-plane resolution of 2.5 x 2.5 mm2, a
slice thickness of between 6 and 12 mm, depending on the
individual acquisition, a parallel imaging SENSE factor of
R = 3 in the left–right (LR) direction and a bandwidth in
the phase-encoding direction of between 42.3 Hz/pixel and
49.8 Hz/pixel. Since partial Fourier encoding can increase
the sensitivity to motion due to its reduced k-space cov-
erage [45,46], no partial Fourier encoding was used. The
TEs of the pgse and asym-vc diffusion encoding wave-
forms were 64 ms and 92 ms, respectively, for a maximum
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b-value of 600 s/mm2. The velocity-compensated asym-vc
waveform had an m1 = ∫ tG(t)dt = 0, and had a concomi-
tant field corrected near TE-optimal asymmetrical design
[34,35]. Where applicable, ADC values were calculated
using a monoexponential fit. A respiratory belt was used
to track respiratory motion.

2.2 Breath-held cardiac triggered
measurements and analysis

For a subset of 4 out of the 10 healthy volunteers,
breath-held cardiac triggered scans were performed to
assess cardiovascular motion effects. An electrocardio-
gram (ECG) signal was used to perform cardiac trigger-
ing. Breath holds were done in end-expiration. A single
coronal slice covering both kidneys was scanned with
both the pgse and asym-vc diffusion encoding waveforms,
with a 6 mm slice thickness and b-values of [100, 600]
s/mm2 using corresponding repetitions of [2,3] per diffu-
sion encoding direction. Diffusion encoding was applied in
the feet-head (FH), left-right (LR), and anterior–posterior
(AP) directions in separate scans within the same exam-
ination. Cardiac trigger delays of 21 ms (shortest), mid
diastole and end diastole were used in separate scans. The
mid diastole and end diastole were determined for each
subject in the scanner software using the subject’s heart
rate before the beginning of the scan. Each acquisition
was performed on every second heartbeat and the TR was
therefore dependent on the cardiac cycle of each subject,
giving a total breath hold time of approximately 10 s per
scan.

Region of interest (ROI) drawing was performed on the
pgse b = 100 s/mm2 image at the cardiac end diastole trig-
ger delay, which had been averaged over all repetitions in
the FH diffusion direction. Five ROIs were drawn per kid-
ney mainly in the cortex and these ROIs were propagated
through the ADC maps for all diffusion directions, trigger
delays, and diffusion encoding waveforms. Small adjust-
ments were made if an ROI was no longer in the cortex.
The ADC was calculated per diffusion direction from the
two acquired b-values of [100, 600] s/mm2 after averaging
per b-value.

At each cardiac trigger delay, the statistics for char-
acterizing the variation along the subject dimension, the
mean ADC over all subjects, ADCmean_subjects, and the SD of
the mean ADC over all subjects, ADCSD_subjects, were com-
puted separately for each kidney. In each subject, the mean
ADC over cardiac trigger delays, ADCmean_tds, the SD of the
ADC over cardiac trigger delays, ADCSD_tds, and the coef-
ficient of variation across cardiac trigger delays CVtds were
also computed for characterizing the variation along the
cardiac trigger delay dimension separately for each kidney.

A global CVtds_global was finally determined by taking the
RMS average over all subjects, from the equation [47]:

CVtds_global =

√∑m
𝑗=1

ADCSD_tds
2
𝑗

m

∑m
𝑗=1

ADCmean_tds𝑗

m

, (1)

where m is the number of subjects, ADCSD_tds𝑗 is the SD
of ADC across trigger delays for subject j and ADCmean_tds𝑗
is the mean ADC across delays for subject j. The global
ADCSD_tds_globals were found from the RMS average over
all subjects, and the global ADCmean_tds_globals were found
from averaging over all subjects.

2.3 Free breathing real time scan
measurement

A free breathing real time scan was performed in a sin-
gle subject to visually assess the degree of translation of
the kidneys due to respiration using a real time turbo field
echo (TFE) sequence. The balanced TFE acquisition used
a TR/TE = 2.4/1.18 ms.

2.4 Respiratory triggered dynamic scan
measurements and analysis

For a different subset of 4 out of the 10 healthy volun-
teers, respiratory triggered dynamic scans were performed
in a single coronal slice with 20 dynamics (i.e. repetitions),
a slice thickness of 12 mm and a b-value of 600 s/mm2

with both the pgse and asym-vc diffusion waveforms.
Although a slice thickness of 12 mm is very thick for kid-
ney DWI, this thickness was chosen to increase the effect
of intravoxel dephasing and to therefore clearly demon-
strate the effect of motion on signal loss. Separate scans
with diffusion encoding in the FH, LR, and AP directions
was performed. For each diffusion encoding direction,
respiratory trigger delays of 100, 400, and 800 ms from
the beginning of the expiration period were used, corre-
sponding approximately to the beginning, middle and end
of the expiration period. The TR was determined by the
breathing cycle of each volunteer and was in the range
of approximately 3000–6000 ms. Five ROIs were drawn
per slice per kidney mainly in the cortex. ROI drawing
was performed on a pgse b = 600 s/mm2 image at a res-
piratory trigger delay of 100 ms that was averaged over
all dynamics, and these ROIs were propagated through
all dynamics, trigger delays, and diffusion encoding wave-
forms. Separate ROIs were drawn per diffusion encod-
ing direction. Small adjustments were made if an ROI
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was no longer in the cortex. Each ROI was propagated
through all dynamics for a particular scan and no adjust-
ments were made for individual dynamics. The average
DW signal value was estimated from the average of the
five ROIs and the coefficient of variation across dynam-
ics, CVdyn, was determined to assess the variability of the
DW signal.

2.5 Respiratory triggered ADC
mapping measurements and analysis

For each of the 10 healthy volunteers, three slices cov-
ering both kidneys were acquired in the coronal plane
with a slice thickness of 6 mm, a slice gap of 2 mm,
b-values of [100, 600] s/mm2, and corresponding repeti-
tions of [2,3] per diffusion encoding direction. Diffusion
encoding was applied in the FH, LR and AP directions.
Both the pgse and asym-vc diffusion encoding waveforms
were used in separate scans within the same examina-
tion. Respiratory trigger delays of 100, 400, and 800 ms
were used. The TR was determined by the breathing cycle
of each volunteer and was in the range of approximately
3000–6000 ms.

Five ROIs were drawn per slice per kidney mainly
in the cortex. The ROI drawing was performed on the
pgse b = 100 s/mm2 image at a respiratory trigger delay of
100 ms which had been averaged over all diffusion encod-
ing directions, and these ROIs were propagated through
the ADC maps for all diffusion directions, trigger delays,
and diffusion encoding waveforms. Small adjustments
were made if an ROI was no longer in the cortex. The ADC
map was calculated from the two acquired b-values, and
the ADC values per slice were found from the average of
the ADC values of each ROI.

At each respiratory delay (100, 400, and 800 ms), the
ADCmean_subjects and the ADCSD_subjects statistics for char-
acterizing the variation along the subject dimension were
computed separately for each kidney. For each subject, the
ADCmean_tds, the ADCSD_tds and the coefficient of variation
across respiratory trigger delays CVtds were also computed
for characterizing the variation along the respiratory trig-
ger delay dimension separately for each kidney. A global
CVtds_global was finally determined by taking an RMS aver-
age over all subjects following equation 1. The global
ADCSD_tds_globals were found from the RMS average over
all subjects, and the global ADCmean_tds_globals were found
from averaging over all subjects.

To assess the effect of different breathing patterns
on the ADC value, three further respiratory triggered
scans with identical scan parameters and using the same
ROI analysis were performed in a single subject. The
subject was instructed to use three different breathing

patterns – deep breathing, medium breathing, and shallow
breathing.

2.6 SNR mapping scan measurements
and simulation

To measure the apparent SNR and the impact of the
increased TE of the asym-vc waveform in comparison to
the pgse waveform, further respiratory triggered dynamic
scans were performed in a single subject with both the pgse
and asym-vc diffusion waveforms. Further information is
given in the Supporting Information Materials, which are
available online.

3 RESULTS

3.1 Breath-held cardiac triggered
results

Figure 1 shows ADC maps of measurements using the pgse
and asym-vc waveforms at different cardiac trigger delays
for one volunteer. There were no large differences in ADC
between the trigger delays for either waveform in either
kidney. In the superior pole of the left kidney for the pgse
waveform, there was a small increase in ADC between
the shortest cardiac trigger delay and the other two car-
diac trigger delays in the volunteer shown. The asym-vc
waveform gave an ADC map with lower SNR due to the
prolonged TE.

Table 1 shows the ADCmean_subjects, ADCmean_tds_global,
ADCSD_subjects, ADCSD_tds_global and CVtds_global over
all subjects for both kidneys. In both kidneys, the
ADCmean_subjectss were slightly higher for the asym-vc
waveform compared to the pgse waveform for all diffusion
directions. In the left kidney for the pgse waveform, in all
diffusion directions the ADCmean_subjects was smallest at the
shortest cardiac trigger delay compared to the mid dias-
tole and end diastole cardiac trigger delays, which was not
the case for the asym-vc waveform. In both kidneys, the
ADCSD_subjectss were similar between the two waveforms
for all diffusion directions and no systematic differences
were observed. In the right kidney, the CVtds_globals were
similar between pgse and asym-vc for all diffusion direc-
tions and were below or equal to 0.05 in all cases. In the
left kidney, the CVtds_globals were similar between pgse and
asym-vc for the FH and AP diffusion directions and all
were below or equal to 0.06, but increased for the asym-vc
waveform and LR diffusion direction. The ADCmean
results for the breath-held cardiac triggered experiments
for all subjects are shown in the Supporting Information
Figure S1.
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F i g u r e 1 ADC maps of the pgse and asym-vc waveforms at different cardiac trigger delays, with diffusion measured in the FH
direction. There do not appear to be any large differences in ADC between the trigger delays for either waveform in either kidney. In the
superior pole of the left kidney for the pgse waveform, there is a small increase in ADC (highlighted by the arrows) between the shortest
cardiac trigger delay and the other two cardiac trigger delays in the volunteer shown. The asym-vc waveform gives an ADC map with lower
SNR due to the prolonged TE

3.2 Free breathing dynamic scan
results

Figure 2 shows a real time imaging balanced TFE sequence
of the kidneys in the coronal plane in a free breathing scan.
It can be seen that both kidneys move significantly as a
result of respiratory motion.

3.3 Respiratory triggered dynamic scan
results

Figure 3 shows diffusion weighted dynamic images of the
kidney for one volunteer acquired with the pgse diffusion
encoding waveform applied along the FH direction and
respiratory triggering with a respiratory trigger delay of
100 ms. In dynamics 1,4,5, and 6, the right kidney shows a
large amount of signal loss as a result of intravoxel dephas-
ing due to motion. The left kidney also shows significant
signal loss in dynamic 6, and partial signal loss in dynamic
4, but is overall not as severely affected by motion as the
right kidney.

Figure 4 shows the results from the respiratory trig-
gered dynamic scans for diffusion in the FH direction for
one subject. In the right kidney, at trigger delays of 100 and
400 ms in particular, there were many dynamics for which
the pgse waveform exhibited a large amount of signal loss.
The CVdyns for the pgse waveform in the right kidney were
0.55, 0.51, and 0.51 for the respiratory trigger delays of 100,

400, and 800 ms, respectively. The CVdyns for the asym-vc
waveform in the right kidney were 0.16, 0.15, and 0.11
for the respiratory trigger delays of 100, 400, and 800 ms,
respectively, which showed a large decrease in CVdyn for
all respiratory trigger delays compared to pgse. The CVdyns
for the pgse waveform in the left kidney were 0.24, 0.33,
and 0.26 for the respiratory trigger delays of 100, 400, and
800 ms, respectively. The CVdyns for the asym-vc waveform
in the left kidney were 0.21, 0.22, and 0.17 for the respi-
ratory trigger delays of 100, 400, and 800 ms, respectively,
which again showed a decrease in CVdyn for all respira-
tory trigger delays compared to pgse, but not as large of a
decrease in CVdyn as in the right kidney.

Figure 5 shows the CVdyns from the respiratory trig-
gered dynamic scans for all volunteers and all diffusion
directions. In general, the largest differences between the
CVdyns of pgse and asym-vc were in the right kidney in the
FH diffusion direction, especially at the shortest respira-
tory trigger delay of 100 ms. pgse also typically had larger
CVdyns than asym-vc in the left kidney in the FH diffusion
direction, but the differences were not as large as in the
right kidney. The FH direction is the direction in which
the kidney is expected to move the most during respira-
tion. In all subjects, pgse had a larger CVdyn than asym-vc
in the left kidney in the LR diffusion direction at a respira-
tory trigger delay of 100 ms. In the right kidney in the LR
diffusion direction, pgse also typically had a larger CVdyn
than asym-vc. Both waveforms had a similar CVdyn in the
AP diffusion direction.
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F i g u r e 2 Real-time imaging balanced TFE sequence of the kidneys in the coronal plane in a free breathing scan. Each image is a
different frame within the same scan. As guided by the outlines of the top of each kidney (right kidney given in red, left kidney given in blue),
both kidneys move a maximum distance on the order of 3 cm as a result of respiratory motion

F i g u r e 3 Diffusion weighted (b = 600 s/mm2) dynamic scans of the kidney with the pgse diffusion encoding waveform and a
respiratory trigger delay of 100 ms, with diffusion being measured in the FH direction. Each image shows different dynamics within the same
scan. In many of the dynamics, the right kidney shows a large amount of signal loss as a result of intravoxel dephasing due to motion. The left
kidney also shows significant signal loss in some of the dynamics, but not to the same extent as the right kidney

3.4 Respiratory triggered ADC
mapping results

Figure 6 shows individual repetitions of a diffusion
weighted (b = 600 s/mm2) respiratory triggered (trigger
delay = 100 ms) scan for both waveforms with diffusion
encoding applied in the LR direction. There is a linear
phase across the right side of the body for all repetitions for
the pgse waveform, which is likely to be caused by respira-
tory motion. There is a linear phase variation across the left
size of the body, whereas the phase is reasonably constant
in the left kidney for all repetitions for the pgse waveform.
For the asym-vc waveform, there is some small variation in
the phase in the left kidney in the first repetition, but in all
other repetitions the phase is reasonably constant in both
kidneys.

Figure 7 shows ADC maps for the pgse and asym-vc
waveforms at different respiratory trigger delays in two vol-
unteers for diffusion encoding in the FH direction. The
ADC in the right kidney in both volunteers at a trigger
delay of 100 ms was larger than the corresponding ADC
when a trigger delay of 400 ms was used for the pgse wave-
form. The left kidney also showed a larger ADC at a trigger
delay of 100 ms compared to the corresponding ADC at a
trigger delay of 400 ms for the pgse waveform in Volun-
teer 2. The asym-vc waveform showed a more consistent
ADC in both of the kidneys between trigger delays in both
volunteers in comparison to the pgse waveform.

Figure 8 shows the ADCmean_subjectss for the FH diffu-
sion direction. For example, in the right kidney of volun-
teer 9 for the FH diffusion direction, the ADCmean_subjectss
for the pgse waveform were 3.86± 1.07 x 10−3 mm2/s,
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F i g u r e 4 Signal value (A) and CVdyn (B) for the respiratory triggered dynamic scans for diffusion measured in the FH direction in an
exemplary subject. In the right kidney, the CVdyn (calculated by measuring the CV over all dynamics) is much larger for all trigger delays for
pgse in comparison to asym-vc. It can be seen from the signal value plots in the right kidney that there are many dynamics which exhibit
large signal loss when the pgse waveform is used, and that the asym-vc waveform is more stable across dynamics. In the left kidney, the CVdyn

of pgse is again larger than that of asym-vc for all trigger delays, but the difference is not as large when compared to the right kidney results

3.03± 0.72 x 10−3 mm2/s, and 2.17± 0.22 x 10−3 mm2/s
for the respiratory trigger delays of 100, 400, and
800 ms, respectively; the ADCmean_subjectss for the asym-vc
waveform were 2.10± 0.17 x 10−3 mm2/s, 2.05± 0.26 x
10−3 mm2/s, and 2.25± 0.04 x 10−3 mm2/s for the respi-
ratory trigger delays of 100, 400, and 800 ms, respectively.
In the right kidney for the FH diffusion direction, the
CVtds_globals of pgse and asym-vc were 0.15 and 0.06, respec-
tively. The mean ADCs for all subjects for the LR and AP
diffusion directions are shown in the Supporting Informa-
tion Figures S2 and S3, respectively.

Supporting Information Figure S4 shows the ADCmeans
for the FH diffusion direction in the single subject con-
trolled breathing respiratory triggered scan. For example,
in the right kidney in the deep breathing case, the
ADCmeans for the pgse waveform were 4.06± 0.30 x
10−3 mm2/s, 2.81± 0.27 x 10−3 mm2/s, and 2.23± 0.15
x 10−3 mm2/s for the respiratory trigger delays of 100,
400, and 800 ms, respectively; the ADCmean_subjectss for
the asym-vc waveform were 2.25± 0.19 x 10−3 mm2/s,
2.14± 0.15 x 10−3 mm2/s, and 2.24± 0.22 x 10−3 mm2/s
for the respiratory trigger delays of 100, 400, and 800 ms,
respectively. In the right kidney in the shallow breathing
case, the ADCmeans for the pgse waveform were 2.71± 0.37
x 10−3 mm2/s, 2.61± 0.58 x 10−3 mm2/s, and 2.04± 0.10
x 10−3 mm2/s for the respiratory trigger delays of 100,
400, and 800 ms, respectively; the ADCmean_subjectss for
the asym-vc waveform were 2.09± 0.19 x 10−3 mm2/s,
2.28± 0.02 x 10−3 mm2/s, and 2.15± 0.06 x 10−3 mm2/s
for the respiratory trigger delays of 100, 400, and 800 ms,
respectively. In the right kidney in the deep breathing case,

the CVtdss of pgse and asym-vc were 0.31 and 0.03, respec-
tively. In the right kidney in the shallow breathing case,
the CVtdss of pgse and asym-vc were 0.15 and 0.04, respec-
tively. Supporting Information Figures S5 and S6 show
the ADCmeans in the single subject controlled breathing
respiratory triggered scan for the LR and AP diffusion
directions, respectively.

Table 2 shows the ADCmean_subjects, ADCmean_tds_global,
ADCSD_subjects, ADCSD_tds_global and CVtds_global over all sub-
jects for both kidneys. In the right kidney in the FH
diffusion direction, pgse had ADCmean_subjects values of
2.45± 0.60 x 10−3 mm2/s, 2.22± 0.36 x 10−3 mm2/s, and
2.10± 0.26 x 10−3 mm2/s for the respiratory trigger delays
of 100, 400, and 800 ms, respectively; the ADCmean_subjectss
for the asym-vc waveform were 2.14± 0.12 x 10−3 mm2/s,
2.10± 0.12 x 10−3 mm2/s, and 2.14± 0.12 x 10−3 mm2/s
for the respiratory trigger delays of 100, 400, and 800 ms,
respectively. In the right kidney for the FH diffusion direc-
tion, the CVtds_globals of pgse and asym-vc were 0.15 and
0.06, respectively. In the left kidney for the FH diffusion
direction, the CVtds_globals of pgse and asym-vc were 0.07
and 0.05, respectively.

3.5 SNR mapping scan and simulation
results

Supporting Information Figure S7 shows averaged images
at b = 600 s/mm2 with ROI apparent SNR values, the pre-
dicted relative SNR for the pgse and asym-vc waveforms
and a comparison of the increase in TE with increasing
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F i g u r e 5 CVdyn (calculated by finding the CV over all dynamics) for all four subjects in the subgroup in which the respiratory triggered
dynamic scans were performed. All diffusion directions, both kidneys and all respiratory trigger delays are shown. In general, the largest
differences between the CVdyns of pgse and asym-vc can be seen in the right kidney in the FH diffusion direction, especially at the shortest
respiratory trigger delay of 100 ms. pgse also typically has larger CVdyns than asym-vc in the left kidney, but the differences are not as large as
in the right kidney. The FH direction is the direction in which the kidney is expected to move the most during respiration. In all subjects, pgse
has a larger CVdyn than asym-vc in the left kidney in the LR diffusion direction at a respiratory trigger delay of 100 ms. In the right kidney in the
LR diffusion direction, pgse also typically has a larger CVdyn than asym-vc. Both waveforms have a similar CVdyn in the AP diffusion direction

b-value for both waveforms. The pgse waveform had
approximately 20% higher apparent SNR than asym-vc in
the left kidney ROI. In comparison, the predicted SNR
loss from the extended TE of the asym-vc waveform com-
pared to the pgse waveform at a b-value of 600 s/mm2 was
approximately 30%.

4 DISCUSSION

The present work characterizes and assesses motion arti-
facts in kidney DWI and applies the near TE-optimal
motion compensated asym-vc waveform to achieve a
more consistent ADC quantification. Respiratory motion

effects are presently shown as an important source of
intravoxel signal loss in respiratory triggered DWI scans
using pgse waveforms at a short respiratory trigger delay.
Despite known disadvantages such as the prolonged TE
and reduced SNR, occurrence of bright vessel signal
and concomitant effects if asymmetrical waveforms are
used, motion-compensated diffusion encoding waveforms
remain an alternative approach to motion robust ADC
quantification. The asym-vc waveform, or other asymmet-
ric motion-compensated waveforms with similar designs,
have, to the best of our knowledge, never been applied in
the context of ADC mapping in the kidneys. The presently
used near TE-optimal motion compensated asym-vc
waveform was able to achieve a more consistent ADC
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F i g u r e 6 Individual repetitions of a diffusion weighted (b = 600 s/mm2) respiratory triggered (trigger delay = 100 ms) scan for both
waveforms with diffusion encoding applied in the LR direction. There is a linear phase variation across the right side of the body including
the right kidney for all repetitions for the pgse waveform, which is likely to be caused by respiratory motion. The phase is reasonably constant
in the left kidney for all repetitions for the pgse waveform. For the asym-vc waveform, there is some small variation in the phase in the left
kidney in the first repetition, but in all other repetitions the phase shows less spatial variation in both kidneys

quantification in coronal renal imaging compared to the
standard pgse waveform in respiratory triggered DWI
scans with a short trigger delay.

The phase images for individual repetitions in a single
subject showed a linear phase variation across the entire
right side of the body, including within the right kidney
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F i g u r e 7 ADC maps for the pgse and asym-vc waveforms at different respiratory trigger delays in two volunteers for diffusion in the FH
direction. The ADC in the right kidney in both volunteers at a trigger delay of 100 ms is larger than the corresponding ADC when a trigger
delay of 400 ms is used for the pgse waveform. The left kidney also shows a larger ADC at a trigger delay of 100 ms compared to the
corresponding ADC at a trigger delay of 400 ms for the pgse waveform in volunteer 2. The asym-vc waveform shows a more consistent ADC
in both of the kidneys between trigger delays in both volunteers in comparison to the pgse waveform

F i g u r e 8 A, ADCmeans (found from averaging over ROIs, then over slices) for all subjects for the FH diffusion direction. The error bars
show the SD of the ADCs over slices. At the shortest respiratory trigger delay of 100 ms in the right kidney, there are certain subjects
(volunteers 1, 5, 6, and 9) in which there is quite a large variation of ADC across trigger delays for pgse, but not for asym-vc. The differences
in mean ADC between pgse and asym-vc are not as large for the longer trigger delays of 400 and 800 ms. B, The CVtds_global (found by
calculating the CV over all respiratory trigger delays for each individual subject, then taking a RMS average of all CVs over all subjects) of
pgse is much larger than that of asym-vc in the right kidney. In the left kidney, the CVtds_global of pgse is again larger than the CVtds_global of
asym-vc, but the difference is not as large as in the right kidney

for the pgse waveform. The linear phase variation suggests
that the majority of motion experienced by the kidneys
is from respiratory motion, as cardiac motion would be
expected to give both more localized and nonlinear phase
variation.

The respiratory triggered dynamic scans showed that
the kidneys can be affected by intravoxel dephasing due
to motion and used a slice thickness of 12 mm, which are
relatively thick slices for kidney DWI. A slice thickness
of 12 mm was chosen to increase the effect of intravoxel
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dephasing and, therefore, to more clearly highlight the sig-
nal stability for each waveform, kidney, diffusion direction,
and respiratory trigger delay.

In the respiratory triggered ADC mapping scans with a
6 mm slice thickness (Figures 7 and 8), there were higher
ADC values at shorter trigger delays compared to longer
trigger delays. In the right kidney for the pgse waveform,
there were certain volunteers which had an ADC that
decreased as the trigger delay increased, again suggest-
ing that respiratory motion is the main cause of signal
loss in the kidneys. The ADC values of certain volun-
teers were not as affected by motion, which could be a
result of how quickly or deeply the subject breathes, or also
whether the subject breathes more with the belly or chest,
which leads to different degrees of diaphragm motion.
Table 2 showed the ADCmean_subjects, ADCmean_tds_global,
ADCSD_subjects, ADCSD_tds_global, and CVtds_global over all
volunteers for all diffusion directions and both kidneys.
The range of ADCmean_subjects between trigger delays was
larger in the respiratory triggered scans than the breath
held cardiac triggered scans (shown in Table 1), and the
ADCSD_subjectss of the respiratory triggered scans for the
pgse waveform at short respiratory trigger delays were gen-
erally larger than the ADCSD_subjectss of the breath-held
cardiac triggered scans, suggesting that respiratory motion
affects the kidney much more than cardiac motion.
The asym-vc waveform was able to reduce the range of
ADCmean_subjects between trigger delays in the FH and LR
diffusion directions in the right kidney compared to pgse,
suggesting good performance of the motion compensating
capabilities of the asym-vc waveform. It is not immediately
clear why the right kidney would be more affected than the
left kidney and would require further investigation.

The single subject controlled breathing respiratory trig-
gered ADC mapping results (shown in the Supporting
Information Figures S4 to S6) showed that there was a
larger variation in the ADCmeans between different trigger
delays in the FH diffusion direction for the pgse wave-
form in the deep breathing case in comparison to the
shallow breathing case, which is further evidence that the
majority of motion induced signal loss in the kidneys is
caused primarily by respiratory motion rather than cardiac
motion.

The asym-vc waveform has a prolonged TE in com-
parison to the pgse waveform, which causes a reduction
in SNR. In the in vivo averaged images shown in Sup-
porting Information Figure S7(a), both waveforms had
adequate SNR, and both waveforms had bright regions
in their respective SNR maps which could have been
caused by residual vessel signal. Despite the controlled
shallow breathing of the volunteer and a respiratory trig-
ger delay of 800 ms, motion effects could still be present at
a b-value of 600 s/mm2, which is why the experimentally

determined SNR values were labeled presently as apparent
SNR values.

Previous works have suggested that renal blood flow is
pulsatile and depends on the cardiac cycle, which affects
the perfusion fraction [13]. Some recent studies have also
proposed a dependence of the ADC on the cardiac cycle,
while however using low b-values (b< 50 s/mm2) in the
ADC extraction [8,10,12]. However, using low b-values
and a monoexponential diffusion expression can transfer
the cardiac cycle dependence of the perfusion fraction to
the ADC extraction [13]. Another study using both low
and high b-values and modeling both diffusion and perfu-
sion effects showed better reproducibility of the DW signal
for respiratory-cardiac double-triggering compared to only
respiratory triggering [11]. The present results show that
respiratory motion can be a major source of signal loss in
respiratory-triggered pgse scans with short trigger delays
and diffusion encoding in the FH direction. Cardiac trig-
gering might be able to further improve reproducibility of
respiratory-triggered pgse scans with long respiratory trig-
ger delays; however, the presented results suggest that the
impact of cardiac motion on ADC quantification can be
smaller compared to respiratory motion effects at short res-
piratory trigger delays, at least in the b-value range used.
In Binser et al [11], there was a larger variability in the
mean ADC values for the (navigator based) respiratory
triggered scans compared to the double cardiac and res-
piratory triggered scans; however the difference in mean
ADC values between the respiratory and double triggered
scans was small and not statistically significant, which
is in agreement with our presented results. In Kataoka
et al [9], only small differences were observed between
respiratory triggered and breath-held sequences. However,
smaller b-values were used, potentially reducing the effect
of motion on ADC quantification. Previous works have
measured the displacement of the kidneys during respi-
ration. In Moerland et al [48], there were considerable
variations in the FH displacement in forced respiration
and normal respiration scans, both between subjects and
in some cases between the right and left kidneys. On aver-
age, the right kidney had a larger displacement than the
left kidney. A larger displacement of one kidney relative
to the other can explain why the ADC values could differ
between kidneys for a given diffusion direction. In Brand-
ner et al [49], the displacement of the kidneys was mea-
sured in 3D. The 2D graphs of the AP displacement relative
to the FH displacement for each patient and kidney at dif-
ferent parts of the breathing cycle showed that the motion
is complex and differs between subjects. A review paper
from Pham et al [50] compared studies measuring kid-
ney displacements in the FH, LR, and AP directions under
different breathing conditions. In the context of DWI, it
is the motion during diffusion encoding rather than the
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absolute displacement during the whole respiratory cycle
that causes signal loss, and is also likely to be complex and
vary considerably between subjects.

The present work has some limitations. First, only
10 volunteers were scanned, with two different subsets
of only 4 volunteers each for the respiratory triggered
dynamic scans and the breath held cardiac triggered scans.
The respiratory triggered dynamic scans and the breath
held cardiac triggered scans were split into two different
subgroups to avoid excessively long total scan times. Fur-
ther work would be required to fully characterize the effect
of cardiac motion on the kidneys, and to fully assess what
role the breathing pattern of each individual plays in the
ADC quantification of the kidneys at different parts of
the breathing cycle, especially in patients. Second, sepa-
rate ROIs were not drawn for the cortex and the medulla,
due to the difficulty of accurately drawing ROIs in the cor-
tex and medulla when there is slice misalignment. In the
present work where respiratory motion is expected, slice
misalignment is more likely. Third, a respiratory belt was
used to track respiratory motion. If the respiratory belt is
not positioned correctly, or the signal received from the
respiratory belt is noisy, the triggering of the sequence may
not be accurate. Due to individual differences in breath-
ing patterns, a longer trigger delay is not necessarily less
affected by motion than a shorter trigger delay, and irreg-
ular breathing patterns can cause motion artifacts regard-
less of the trigger delay. Fourth, the present work used
DWI data acquired at two b-values and three diffusion
directions and thus did not model perfusion effects and
diffusion anisotropy effects. Therefore, the present results
could not be directly translated to the effect of motion on
the robustness of intravoxel incoherent motion (IVIM) and
DTI parameter extraction. Fifth, use of the lower b-value
of 100 s/mm2 was chosen to reduce the effect of perfusion
[51] without sensitizing the signal too much to motion
effects. However, it is possible that some perfusion signal
remained, which can confound the results for the ADC val-
ues for both waveforms. The upper b-value of 600 s/mm2

was chosen to find the balance between diffusion contrast
and adequate SNR. Finally, the use of the motion compen-
sated diffusion encoding waveforms reduces the sensitivity
to motion at the cost of reduced SNR. Therefore, if the SNR
of the DWI scan is already low (e.g., due to high b-value
or high spatial-resolution), motion compensated diffusion
encoding waveforms might not be preferable to avoid any
noise-induced bias in the ADC quantification.

5 CONCLUSIONS

Respiratory and cardiac motion effects were character-
ized and assessed in the context of kidney DWI, where

the near TE-optimized motion compensated asym-vc dif-
fusion encoding waveform was compared with the stan-
dard pgse diffusion encoding waveform. The breath held
cardiac triggered results showed that neither kidney was
largely affected by cardiac motion. The respiratory trig-
gered ADC mapping results showed that the right kidney
is more affected than the left kidney by respiratory motion
in the FH and LR diffusion directions when the pgse dif-
fusion encoding waveform is used, and that the asym-vc
was able to reduce the ADC quantification errors caused
by respiratory motion at the cost of reduced SNR.
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Figure S1 ADCmeans for the breath held cardiac triggered
ADC mapping scans, for the full subset of 4 subjects, for
both kidneys and for all measured diffusion directions.

In general, the shortest cardiac trigger delay gives slightly
smaller ADC values than the mid diastole and end diastole
cardiac trigger delays. The difference is, however, small.
There is no significant observable trend between the car-
diac trigger delays or waveforms
Figure S2 ADCmeans (a) (found from averaging over ROIs,
then over slices) for all subjects for the LR diffusion
direction. The error bars show the standard deviation of
the ADCs over slices. At the shortest respiratory trigger
delay of 100 ms in the right kidney, there are certain sub-
jects (volunteers 2, 6 and 9) in which the ADC shows
a large variation across trigger delays for pgse, but the
asym-vc waveform does not show as large of a variation
in ADC across trigger delays. The differences in mean
ADC between pgse and asym-vc are not as large for the
longer trigger delays of 400 and 800 ms. Also shown is the
CVtds_global (b)
Figure S3 ADCmeans (a) (found from averaging over ROIs,
then over slices) for all subjects for the AP diffusion direc-
tion. The error bars show the standard deviation of the
ADCs over slices. The differences in mean ADC between
pgse and asym-vc are not large for any of the respira-
tory trigger delays except for outliers. Also shown is the
CVtds_global (b)
Figure S4 ADCmeans (a) (determined by averaging over
ROIs, then over slices) for the FH diffusion direction in
a single subject under three different breathing patterns
(deep, medium and shallow). Also shown is the CVtd (b),
determined by calculating the CV over all trigger delays,
for each breathing pattern – deep, medium and shallow.
The pgse waveform has an ADCmean that varies by a large
amount between trigger delays for the deep and medium
breathing patterns for both the left and right kidneys. The
asym-vc has a more consistent ADCmean over trigger delays
for both kidneys for all breathing patterns, as highlighted
by the lower CVtds in all cases
Figure S5 ADCmeans (a) (determined by averaging over
ROIs, then over slices) for the LR diffusion direction in
a single subject under three different breathing patterns
(deep, medium and shallow). Also shown is the CVtd (b),
determined by calculating the CV over all trigger delays,
for each breathing pattern – deep, medium and shallow.
The pgse waveform has an ADCmean that varies by a large
amount between trigger delays for the deep and medium
breathing patterns for the left kidney, and an ADCmean that
varies by a moderate amount between trigger delays for the
deep and medium breathing patterns for the right kidney.
The asym-vc has a more consistent ADCmean over trigger
delays for both kidneys for the deep and medium breath-
ing patterns, as highlighted by the lower CVtds for those
breathing patterns
Figure S6 ADCmeans (a) (determined by averaging over
ROIs, then over slices) for the AP diffusion direction in
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a single subject under three different breathing patterns
(deep, medium and shallow). Also shown is the CVtd (b),
determined by calculating the CV over all trigger delays,
for each breathing pattern – deep, medium and shallow.
The pgse waveform has an ADCmean that is mostly stable
between trigger delays for the medium and shallow breath-
ing patterns for both kidneys, with the largest ADCmean
values coming from the cases with deep breathing and a
respiratory trigger delay of 100 ms. The asym-vc has a rea-
sonably consistent ADCmean over trigger delays for both
kidneys for all breathing patterns
Figure S7 Shown in (a) are diffusion-weighted images
found from averaging over 3 repetitions in a controlled
shallow breathing respiratory triggered scan with a respi-
ratory trigger delay of 800 ms. The apparent SNR values
(using difference images) over the ROIs are also shown
in red. The b-value used was 600 s/mm2, meaning that
motion effects may affect the apparent SNR values. Both
waveforms have regions of high apparent SNR that may
be caused by residual vessel signal. In the ROI in the
left kidney, pgse has approximately 20% higher appar-
ent SNR than asym-vc. The asym-vc waveform, however,
still has adequate apparent SNR. By comparison, the

difference in the apparent SNR between pgse and asym-vc
is much higher in the liver, where the signal of the liver
is close to the noise floor when using the asym-vc wave-
form. Shown in (b) is the theoretically predicted relative
SNR for different b-values, determined by considering the
echo times from the scanner at different b-values and pre-
dicting the SNR relative to the b = 0 s/mm2 acquisition.
At a b-value of 600 s/mm2, as used in the respiratory trig-
gered ADC mapping, the expected reduction of SNR for
the asym-vc waveform compared to the pgse waveform is
approximately 30%, and is thus a similar order of magni-
tude to the experimental results. Shown in (c) are the echo
times for each waveform for a range of b-values. As the
b-value increases, the difference in TE between the two
waveforms gets larger
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