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Inter-study reproducibility of interleaved spiral
phase velocity mapping of renal artery
haemodynamics
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Abstract

Background: Qualitative and quantitative assessment of renal blood flow is valuable in the evaluation of patients
with renal and renovascular diseases as well as in patients with heart failure. The temporal pattern of renal flow
velocity through the cardiac cycle provides important information about renal haemodynamics. High temporal
resolution interleaved spiral phase velocity mapping could potentially be used to study temporal patterns of flow
and measure resistive and pulsatility indices which are measures of downstream resistance.

Methods: A retrospectively gated breath-hold spiral phase velocity mapping sequence (TR 19 ms) was developed
at 3 Tesla. Phase velocity maps were acquired in the proximal right and left arteries of 10 healthy subjects in each
of two separate scanning sessions. Each acquisition was analysed by two independent observers who calculated
the resistive index (RI), the pulsatility index (PI), the mean flow velocity and the renal artery blood flow (RABF).
Inter-study and inter-observer reproducibility of each variable was determined as the mean +/− standard deviation of
the differences between paired values. The effect of background phase errors on each parameter was investigated.

Results: RI, PI, mean velocity and RABF per kidney were 0.71+/− 0.06, 1.47 +/− 0.29, 253.5 +/− 65.2 mm/s and 413 +/−
122 ml/min respectively. The inter-study reproducibilities were: RI −0.00 +/− 0.04 , PI −0.03 +/− 0.17, mean velocity −6.7
+/− 31.1 mm/s and RABF per kidney 17.9 +/− 44.8 ml/min. The effect of background phase errors was negligible
(<2% for each parameter).

Conclusions: High temporal resolution breath-hold spiral phase velocity mapping allows reproducible assessment of
renal pulsatility indices and RABF.
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Background
Qualitative and quantitative assessment of renal blood
flow is valuable in the evaluation of patients with renal and
renovascular diseases as well as in patients with heart fail-
ure. Abnormalities in renal perfusion resistive index (RI)
and pulsatility index (PI) have been noted in many condi-
tions including those affecting the kidneys (e.g. renal artery
stenosis) [1] and those primarily affecting other organs
with secondary renal insult (e.g., sepsis or liver failure) [2].
The ability to qualitatively and quantitatively measure renal
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function and blood flow is important in managing patients
afflicted with these various diseases.
Recently there has been much interest in the role of

renal sympathetic denervation (RSD), a novel percutan-
eous transcatheter technique for the treatment of pa-
tients with hypertension and heart failure [3]. This
procedure aims to interrupt the efferent and afferent
sympathetic nerves at the renal level and is believed to
exert its beneficial effects by improving renal perfusion
and renal artery compliance amongst others. Invasive
Doppler flow-wire studies in pigs have shown that RSD
induces favourable increases in renal artery peak velocity
and renal artery blood flow (RABF) coupled with an ad-
vantageous decrease in resistive index (RI) [4]. However,
there is a limited amount of data in humans on the acute
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and chronic effects of RSD. Using an invasive approach
to study this would be unfeasible in large numbers. The
most commonly used non-invasive technique for asses-
sing pulsatility indices is pulse wave Doppler ultrasound
although this has both patient and operator dependent
limitations. Furthermore, ultrasound is poor at defining
renal artery anatomy including visualising accessory ves-
sels and atheroma, which is pivotal before considering a
patient for RSD. MR can not only accurately define renal
artery anatomy but can also provide haemodynamic data.
While there have been no reports to date on the MR

assessment of pulsatility indices in the renal vessels, the
analysis of temporal flow velocity patterns in other ves-
sels is an active area of research interest [5,6]. In particu-
lar, pulsatility has been measured in the peripheral
arteries [7-9], the cerebral arteries [10,11], the ophthal-
mic arteries [12], the carotid arteries [10,13] as well as in
the major vessels [14]. MR assessment of renal artery
haemodynamics, however, presents very specific chal-
lenges. In particular, their diameters are small relative to
the great veins and arteries and they undergo significant
motion with the respiratory cycle. In addition, although
the kidneys account for less than 1% of body mass, they
receive a disproportionately large proportion (20 – 25%)
of basal cardiac output [15].
Phase velocity mapping for the assessment of RABF

has been generally performed using a segmented gradi-
ent echo sequence [16-24] although more recently, seg-
mented field-echo echo-planar [25,26] and spiral [21]
techniques have also been implemented. While a rapid
non-ECG gated technique has been developed [27-29] to
allow assessment of renal artery blood flow (in L/min),
ECG-gated acquisitions enable the investigation of in-
stantaneous flow velocities throughout the cardiac cycle
and therefore, have the potential to allow the calculation
of RI and PI. Respiratory gating may be used to acquire
data during free-breathing [21,22,24] but acquisition du-
rations can be long and unpredictable and the majority
of studies have instead been performed with breath-hold
acquisitions of 16 – 30 s duration [21,22,25,26]. Breath-
holding limits the temporal resolution achievable with
the number of phases being acquired per cardiac cycle
in these studies being 6 [21], 8 [22], 24 [25] and 12 – 24
[26]. This temporal resolution is inferior to that of pulse
wave Doppler ultrasound which typically samples at a
minimum of 50 Hz (which equates to 50 phases per car-
diac cycle for a heart rate of 60 beats per minute). The
reproducibility of MR assessment of RABF has been
assessed in a number of studies [22-24,26] with varying
degrees of success. However, none of these previous
studies have assessed clinically important parameters of
pulsatility (RI and PI) as they have lacked the high tem-
poral resolution necessary to accurately sample the
RABF time curve.
Interleaved spiral phase velocity mapping has the advan-
tage of efficient k-space coverage and RABF values in
healthy volunteers using this technique at 1.5 Tesla (tem-
poral resolution of 55 ms, spatial resolution 1.1 mm ×
1.1 mm) are in good agreement with measurements made
with PAH-clearance haematocrit [21]. The aim of this
work is to develop a breath-hold high temporal resolution
spiral phase velocity mapping technique at 3 Tesla for the
assessment of the temporal flow patterns in the renal ar-
teries in healthy volunteers. Pulsatility indices, RI and PI,
will be determined and their inter-observer and inter-
study reproducibility assessed. To our knowledge, this is
the first time that MR has been used to measure these pa-
rameters. Inter-observer and inter-study reproducibility of
RABF using this technique are also assessed.

Methods
An interleaved spiral phase velocity sequence was devel-
oped on a 3 Tesla Magnetom Skyra MR scanner (Siemens
AG Healthcare Sector, Germany) equipped with an 18-
element cardiac coil and a 48-element spine coil. A 1–1
water excitation (duration = 3 ms) was implemented which
eliminated off-resonance blurring of fat and full k-space
coverage was achieved in 8 spiral interleaves of 11.75 ms
duration. The spiral trajectory was slew rate limited (to
150 T/m/s) until a gradient amplitude of 32 mT/m was
reached, and thereafter it was gradient amplitude limited
(32 mT/m). The trajectory consisted of 4700 points sam-
pled at 2.5 us intervals. The interleaves were incremented
linearly. Phase map subtraction of datasets with symmetric
bi-polar velocity encoding gradients resulted in through-
plane velocity maps where a phase shift of +/− 180° repre-
sented a flow velocity +/− 150 cm/s. Following a single
dummy cycle, these velocity encoded datasets were ac-
quired in alternating cardiac cycles in an end-expiratory
breath-hold of 17 cardiac cycles duration. The sequence
TE was 5.2 ms, and the TR was 19 ms. Data were recon-
structed online following gridding onto a 256 × 256 matrix
using a standard gridding algorithm [30]. The number of
coil elements used was limited to 6 from the anteriorly-
positioned cardiac coil and 6 from the posterior spine coil.
This reduced the reconstruction time and also minimised
wrap. The slice thickness was 8 mm, the spatial resolution
1.4 × 1.4 mm (reconstructed to 0.7 × 0.7 mm through
zero-filling) and the repeat time (acquired temporal reso-
lution) 19 ms. Retrospective ECG gating allowed full
coverage of the entire cardiac cycle in 50 cine frames, the
reconstructed temporal resolution depending on the sub-
jects’ heart rates. Retrospective ECG gating results in more
complete sampling of the temporal flow wave form than
prospective gating (as there is no gating dead time) and,
provided that beat to beat variations in the R-R interval
length during the acquisition are small, should therefore
result in a more accurate measure of mean flow velocity.
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The study was approved by the National Research
Ethics Service and all subjects gave written informed
consent. Cross-sectional proximal left and right renal ar-
tery phase velocity maps, were acquired in 10 healthy
volunteers (aged 24–37 years, 8 male). The subjects were
scanned supine with the origin of the renal arteries posi-
tioned at iso-centre to reduce background phase errors.
The image planes were determined following diastolic
scout acquisitions with an ECG-gated breath-hold seg-
mented gradient echo sequence (TE/TR: 3.3 ms/7 ms,
acquired resolution: 1 mm × 1 mm× 4 mm, acquisition
window 110 ms) and in each case, were positioned in a
straight section of artery, 1 – 2 cm from its origin. Sensi-
tivity to off-resonance was minimised by localised
second-order shimming and frequency adjustment based
on the signal from a user-defined region of interest posi-
tioned over the descending aorta and renal arteries. Left
and right renal phase velocity maps were acquired twice,
once in each of two separate scanning sessions with the
volunteer leaving the scanner between sessions. The typ-
ical time between scanning sessions was 30 minutes.
For each artery in each scanning session, background

phase errors were determined for each acquired dataset
by scanning a large homogeneous stationary phantom
using the same sequence parameters and the same slice
positions as in the volunteer study [31]. A simulated
ECG with the same heart-rate as the subject was used to
trigger the acquisitions.

Analysis
The left and right vessels in each scanning session were
analysed independently by two observers who each had
more had more than 5 years experience with CMR im-
aging and who trained both individually and together to
draw regions of interest around the renal arteries. For each
vessel in each scanning session, the cross-sectional area
was manually defined on the cross-sectional segmented
gradient echo image after adjusting the window width and
level to 80% and 60% of the maximum pixel value in the
vessel respectively. This region of interest was copied to
all magnitude images in the corresponding spiral acquisi-
tion. For each cine frame, the position of the region was
adjusted, as required, and then copied to the correspond-
ing velocity map. The size of the region was not adjusted.
The mean velocity in this region of interest was plotted
through the cardiac cycle and the mean flow velocity over
time and the absolute flow determined. Measures of pulsa-
tility, RI and PI, were determined as:

RI ¼ PSV–MDVð Þ=PSV PI ¼ PSV–MDVð Þ=MV

where: PSV = peak systolic velocity, MDV =minimum
diastolic velocity and MV =mean velocity through the
cardiac cycle.
To assess background phase errors, all datasets were
processed three times: (i) with no background phase cor-
rection, (ii) following fitting of a background phase map
to user defined stationary points in the inter-vertebral
disks [27] and (iii) using the velocity maps from the
subject-specific large stationary phantom acquisitions
[31]. While the latter requires time-consuming add-
itional data acquisitions, it is currently regarded as the
most accurate method of background correction. As
data were acquired with retrospective ECG-gating, for
both correction methods, the average background phase
throughout the entire cardiac cycle was subtracted from
the uncorrected data. After checking the data for nor-
mality using the Shapiro-Wilk test, a repeated measures
analysis of variance was used to compare quantitative
parameters derived from the flow velocity curves (RI, PI,
mean velocity and flow) with the three background cor-
rection techniques (none, background fit and stationary
phantom). If statistically significant, paired t-tests (with
Bonferonni correction for multiple testing) were per-
formed to assess differences between the techniques.
The inter-observer reproducibility of cross-sectional

area, RI, PI, mean velocity and flow in the initial scanning
session were determined as the mean +/− standard devi-
ation of the signed differences between the two observers.
For each observer, the inter-study reproducibilities of
these variables were determined as the mean +/− standard
deviation of the signed differences between the initial and
the repeated scans. For each parameter and each observer,
intraclass correlation coefficients (ICCs) (using a two-way
mixed effects model with average measures) and within-
subject coefficients of variation (CVs) were also calculated.
The CV was calculated as follows [32]:

CV %ð Þ ¼ 100%� within−subject standard deviation=meanð Þ

where:

within-subject standard deviation is
√(∑((meas1 – meas2)

2)/2n)
meas1 and meas2 are the paired readings in each artery
n is the number of paired readings
mean = the average of all measurements in all arteries

All analyses were performed using IBM SPSS Statistics
19 Package.

Results
Left and right renal artery data were acquired in all 10
subjects in 2 scanning sessions (40 acquisitions in total).
The left renal acquisition in the repeat scanning session of
one subject was eliminated due to ECG mis-triggerring.
The mean RR interval durations in the initial and repeat
scanning sessions were 857 +/− 101 ms and 851 +/−
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76 ms respectively (paired t-test: P = 0.67). Figure 1 shows
oblique coronal and oblique transverse pilot images show-
ing the proximal paths of the left and right renal arteries
in an example subject (a) together with through-plane sys-
tolic magnitude images and velocity maps from both scan-
ning sessions (initial (b) and repeat (c)). RI, PI, mean
velocity and RABF per kidney (observer 1, initial scan)
were 0.71+/− 0.06, 1.47 +/− 0.29, 253.5 +/− 65.2 mm/s
and 413 +/− 122 ml/min, respectively.
Table 1 shows the mean (+/− standard deviation) back

ground phase velocity together with the RI, PI, mean
velocity and RABF per kidney for the acquisitions in the
initial scanning session when analysed without correc-
tion for background phase together with the same pa-
rameters when analysed with the background fit
correction and with the stationary phantom correction.
The background velocity error is small, being 2.9 +/−
3.3 mm/s for the stationary phantom and 4.6 +/−
7.4 mm/s for the background fit. Repeated measures
analysis of variance showed significant differences in
measurements of RI, PI, mean velocity and RABF be-
tween the techniques. Subsequent paired t-testing showed
very small but statistically significant differences between
the stationary phantom corrected measurements and
those derived without background correction, the mean
difference (as a percentage of the uncorrected values) be-
ing 0.0%, 1.3%, 1.1% and 1.0% for RI, PI, mean velocity
and RABF respectively. There were similarly small differ-
ences between the background fit corrected data and the
uncorrected data: 1.4%, 2.0%, 1.8% and 1.7% for RI, PI,
mean velocity and RABF respectively. As the differences
are so small and clinically unimportant, all subsequent re-
sults are presented without background correction.
Inter-observer reproducibility (initial scanning session)

in cross-sectional area, mean flow velocity, RABF per kid-
ney, RI and PI are presented in the Bland Altman plots of
Figure 1 Oblique coronal (top) and oblique transverse (bottom) pilot
arteries in an example subject (a) together with through-plane systolic m
(initial (b) and repeat (c)). The renal artery regions of interest are shown in
arrow = left renal artery, solid arrow = right renal artery).
Figure 2(a) and corresponding inter-study reproducibilities
(observer 1) are presented in Figure 2(b). The similarity of
the temporal flow patterns in the left and right arteries of
all 10 subjects in the two scanning sessions (observer 1) is
shown in Figure 3. Bland Altman results are summarised
in Table 2 while inter-observer and inter-study ICC values
and within-subject CVs are reported in Table 3.

Discussion
We have developed a high temporal resolution spiral
phase velocity mapping sequence which allows robust
and reproducible assessment of renal artery haemo-
dynamics at 3 Tesla. In addition, for the first time using
an MR method, we report parameters of renal artery
blood flow pulsatility and their reproducibility. An ana-
lysis of background phase errors has also been per-
formed and we have shown that these amount to <2% of
measured velocities throughout the cardiac cycle and
can therefore be ignored.
Spiral k-space coverage is highly efficient and this can

be used to acquire higher temporal resolution data in
shorter acquisition periods than is possible using con-
ventional segmented Cartesian acquisitions. Spiral phase
velocity mapping of renal blood flow per minute has
previously been validated against the technique of p-
aminohippuric acid clearance haematocrit [21]. How-
ever, the temporal resolution in this study was much
poorer than ours (55 ms compared to 19 ms), precluding
accurate determination of temporal flow details and the
assessment of pulsatility indices. The breath-hold dur-
ation was also longer (20 cardiac cycles compared to 17
cardiac cycles).
Values of RI (0.71 +/− 0.06) and PI (1.47 +/− 0.29) in

this healthy subject cohort are similar to, but slightly
higher than, values obtained from Doppler studies (RI:
0.67 (range 0.64 - 0.70), PI: 1.19 (range 0.93 – 1.25))
images showing the proximal paths of the left and right renal
agnitude images and velocity maps from both scanning sessions
inserts images to the bottom left of the magnitude images. (open



Table 1 Background velocity, flow, mean flow velocity, RI and PI for the renal arteries analysed with different methods
of background phase correction

Background
correction method

Background velocity (mm/s) RABF per kidney (ml/min) Mean velocity (mm/s) Resistive index Pulsatility index

None 0 +/− 0 413 +/− 122 253.5 +/− 65.2 0.71 +/− 0.06 1.47 +/− 0.29

Stationary phantom −2.9 +/− 3.3** 417 +/− 119** 256.5 +/− 64.5** 0.71 +/− 0.06* 1.45 /- 0.29*

Background fit −4.6 +/− 7.4* 420 +/− 124* 258.1 +/− 68.3* 0.70 +/− 0.06* 1.44 +/− 0.28*

Data are from the initial scanning session (10 subjects × 2 acquisitions (left and right arteries) = 20 acquisitions in total) and are presented as mean +/− SD.
(*p < .01, **p < .001 (compared to no background correction)).

Figure 2 Bland Altman plots showing inter-observer reproducibility of measurements of cross-sectional area, RABF, mean flow velocity,
PI and RI (initial scanning session) (a). Corresponding plots for the inter-study reproducibility (observer 1) are shown in (b).
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Figure 3 Velocity-time curves in the initial (blue) and repeat (red) scanning sessions in all 10 subjects, as determined by observer 1.
In the repeat left acquisition in subject 4, a much reduced RR interval (895 ms vs 1095 ms) and ECG mis-triggering (open arrow) resulted in velocity-
time curve errors and this acquisition was omitted from all further analyses. (For all graphs, x-axis: time after R-wave (ms), y-axis: mean velocity (mm/s)).
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[33]. In Doppler ultrasound studies, measurement of RI
is generally performed at the interlobar or arcuate renal
artery level while in our study, assessment is performed
in the proximal vessels where peak velocity is higher and
end-diastolic velocity is lower, resulting in increased RI
and PI [34]. The total RABF (left + right) was 826 +/−
204 ml/min which is similar to values found by Bax et al.
(838 +/− 244 ml/min in 40 healthy volunteers) [23] and
by Dambreville et al. (1130 +/− 88 ml/min in 6 healthy
volunteers (repeated studies)) [26] and which is consist-
ent with an RABF per kidney of 365 +/− 119 ml/min re-
ported by Khatir et al. (9 healthy volunteers) [24].



Table 2 Inter-observer reproducibility (initial scanning session) and inter-study reproducibility (observers 1 and
observer 2) of cross-sectional area, RABF, mean velocity, resistive index (RI) and pulsatility index (PI)

Reproducibility Area (mm2) RABF per kidney (ml/min) Mean velocity (mm/s) RI PI

Inter-observer −7.2+/−2.1** 38.5+/−20.0** −32.3+/−8.6** 0.01 + −0.01* 0.07+/−0.08*

Inter-study (observer 1) −2.0+/−2.4 17.9+/−44.8 −6.7+/−31.1 0.00+/−0.04 −0.03+/−0.17

Inter-study (observer 2) −2.6+/−4.1 24.2+/−59.0 −5.5+/−36.3 0.00+/−0.05 −0.01+/−0.21

(**p < .001, *p < .01).
All data are presented as mean (+/− standard deviation) of the signed differences between measurements.
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Background phase can be an important source of error
in MR phase velocity mapping and we have minimised
this by careful positioning of the region of interest close
to isocentre [35]. Correction is generally performed by
fitting a plane to user defined stationary points within
the image. However, the accuracy of this technique relies
on there being sufficient stationary material around the
region of interest to enable accurate fitting. For the renal
arteries, the inter-vertebral disks are always seen to one
side of the vessel of interest (Figure 1) and have previ-
ously been used as reference points for renal blood flow
assessment [27]. Finding stationary material close to the
other side however is difficult and can compromise the
accuracy of the fit. Using a stationary phantom dataset
with identical acquisition parameters and image plane
orientation to the in vivo dataset is the most accurate
method of determining background values [31] although
differences between the patient and the phantom may
mean that the correction is imperfect. In addition, this
method is cumbersome and time-consuming and for these
reasons, it is difficult to implement in clinical practice. We
have shown that for the renal arteries, the background vel-
ocity corrections are approximately 1 - 2% of the mean
velocity through the cardiac cycle (−2.9 +/− 3.3 mm/s for
the stationary phantom method and −4.6 +/− 7.4 mm/s
for the background fit method). The greater standard devi-
ation for the background fit correction is likely to reflect
reduced accuracy due to the lack of nearby stationary tis-
sue and the inherent subjectivity in defining the stationary
points. In practice, although the correction results in sta-
tistically significant differences in flow parameters, as
shown in Table 1, these differences are so small that they
Table 3 Inter-observer and inter-study Intraclass correlation c
cross-sectional area, RABF, mean velocity, resistive index (RI)

Area RABF

Inter-observer ICC 0.73* 0.97*

Inter-study (observer 1) ICC 0.93* 0.96*

Inter-study (observer 2) ICC 0.90* 0.95*

Inter-observer CV (%) 17.1% 7.0%

Inter-study (observer 1) CV (%) 7.7% 7.9%

Inter-study (observer 2) CV (%) 9.4% 9.5%

(* = p < .001).
are clinically unimportant and background velocity com-
pensation can be ignored.
Analysis of the inter-observer reproducibility of flow

parameters showed statistically significant differences
between observers (Table 2, Figure 2). These derived pri-
marily from systematic differences in defining the renal
cross-sectional area, with the average difference between
the two observers being 23% of the mean value. These
differences are not wholly surprising as, while both ob-
servers were highly experienced in CMR and used fixed
window display levels and widths when drawing the
ROIs, the vessel diameters are small and the pixel size is
relatively large (1.4 mm × 1.4 mm, reconstructed to
0.7 mm× 0.7 mm). The correlation between the two area
measurements however was high with a Pearson correl-
ation coefficient of 0.95 (confirming that this is a sys-
tematic bias rather than a random variation) and an ICC
of 0.73. The standard deviation of the differences divided
by the mean is therefore relatively small: area 7%, flow
5%, mean velocity 4%, PI 5%, RI 2%. In this study, cross-
sectional area regions of interest were manually drawn
on the diastolic segmented gradient echo scout images
rather than on the spiral images as these had higher
spatial resolution (1 mm × 1 mm compared to 1.4 mm ×
1.4 mm) and were not subject to off-resonance or motion
blurring. Changes in breath-hold position between this
scout acquisition and the spiral flow acquisition may lead
to inaccuracies although these were not apparent from vis-
ual inspection of the images. In addition, while the win-
dow level and width were defined in a reproducible way
for each vessel, the definition of the border is still some-
what subjective and an automatic or semi-automatic
oefficients (ICCs) and coeffiecients of variation (CV) of
and pulsatility index (PI)

per kidney Mean velocity RI PI

0.94* 0.97* 0.97*

0.93* 0.87* 0.92*

0.89* 0.86* 0.93*

9.9% 2.0% 4.9%

8.7% 4.2% 8.4%

11.4% 4.4% 9.6%
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method of region of interest generation based on intensity
contours would be beneficial and would potentially reduce
inter-observer differences. This could also potentially en-
able the region to be defined on every individual cine
frame and therefore take into account changes in cross-
sectional area through the cardiac cycle. The accuracy of
the region of interest definition could also be improved by
increasing the spatial resolution and the number of pixels
across the vessel diameter [36,37].
There are numerous statistical methods of assessing re-

producibility and meaningful comparisons between stu-
dies are complicated by the fact that reproducibility data is
reported in different ways in different studies and indeed,
it is not always evident from the text exactly how cal-
culations have been made. In this study, we have used
Bland Altman analysis (Table 2, Figure 2), the intraclass
correlation coefficient (ICC) (Table 3) and the within-
subject coefficient of variation (Table 3). Inter-study repro-
ducibility of flow parameters was similar for both
observers (Table 2). For pulsatility measures, the within-
subject CVs are low, being 4.2% and 4.4% for RI (observers
1 and 2 respectively) and 8.4% and 8.8% for PI (observers
1 and 2 respectively) (Table 3). There are no MR reprodu-
cibility studies for renal RI and PI with which to compare
these figures. Doppler studies, however, have reported
CVs of 4.8% (RI) and 6.8% (PI) [38] and of 6% (RI) and 9%
(PI) [39] which agree well with values obtained in this
current study. The lower within-subject CV of RI com-
pared to PI is such that it is RI that has generally been
used to investigate disease state [38]. In addition, other
studies have reported an RI reproducibility coefficient (de-
fined as twice the standard deviation of the paired diffe-
rences between repeat studies) of 0.080 and 0.060 for two
observers in 100 healthy volunteers [40], and 0.074 and
0.086 for two observers in 18 renal allograft recipients
[41]. These values are comparable to the reproducibility
coefficients obtained in this study (0.086 and 0.091 for ob-
servers 1 and 2 respectively). For RABF assessment, the
within-subject CVs in this study were 7.9% (observer 1)
and 9.5% (observer 2). These compare favourably with
values in previously published MR studies of 8.1% [26],
23% [23] and 8.3% [24]. The inter-study ICCs for flow,
mean velocity, RI and PI were all >0.85 for both observers
(Table 3) which suggests that <15% of differences between
studies is due to errors in the measurement process. ICC
values above 0.8 are regarded as representing good – high
reliability [42].
Assessment of RI and PI requires accurate determin-

ation of the sharp systolic velocity peak which in turn
requires high temporal resolution. In this study, the ac-
quired temporal resolution is 19 ms which is approxi-
mately 2–3 times higher than that of previous studies
[21,26]. Down-sampling the velocity time curves pre-
sented in Figure 3 results in the systolic peak velocity
changing from 509 +/− 161 mm/s to 485 +/− 155 mm/s
(with down-sampling factor 2) to 477 +/− 158 mm/s
(with down-sampling factor 3). This results in the RI
and PI values falling from 1.47 +/− 0.29 to 1.36 +/− 0.24
(−7% with down-sampling factor 2) and to 1.28 +/− 0.27
(−13% with down-sampling factor 3). The corresponding
PI values fall from 0.71 +/− 0.06 to 0.69 +/− 0.05 (−3%)
and to 0.67 +/− 0.07 (− 6%) respectively. The reproduci-
bility of the peak velocity, RI and PI (expressed as the
standard deviation of the signed differences as a percent-
age of the mean) is also degraded by down-sampling the
curves by factors of 2 and 3 (from 14% to 16% to 19%
(peak velocity), 6% to 7% to 10% (RI) and 12% to 14% to
to 21% (PI)). In practice, the effects of reduced temporal
resolution would be greater than presented here as re-
duced temporal resolution results not only in sampling at
different time-points in the cardiac cycle (as in this simple
simulation) but also in a much larger acquisition window.
The limitations of this study include the absence of a

comparison of our technique for measuring pulsatility
and RABF with any of the others currently employed.
However, it should be noted that there is no widely ac-
cepted gold-standard technique suitable to use in normal
human subjects [43]. In addition, as discussed above, the
low spatial resolution of the cross-sectional images im-
pacts on the accuracy of the region of interest definition
and the manual delineation of the vessel cross-sectional
areas has resulted in a bias between observers. The use
of a fixed cross-sectional area throughout the cardiac
cycle is also a limitation of our technique. The study co-
hort is also small and consists of only healthy volunteers.
In addition, our volunteers were relatively young and we
have not attempted to investigate the relationships be-
tween pulsatility indices and age [44,45].

Conclusions
In conclusion, we have developed a high temporal reso-
lution spiral phase velocity mapping technique for the
rapid and reproducible assessment of the temporal pat-
terns of renal artery blood flow and the reproducible as-
sessment of the resistive and pulsatility indices at 3 Tesla.
The technique is clinically relevant and provides an excel-
lent research tool for assessment of renal haemodynamics
in cardiovascular research.

Abbreviations
TR: Repeat time; RI: Resistive index; PI: Pulsatility index; RABF: Renal artery
blood flow; RSD: Renal sympathetic denervation; TE: Echo time; PSV: Peak
systolic velocity; MDV: Minimum diastolic velocity; MV: Mean velocity;
ICC: Intraclass correlation coefficient.

Competing interests
The authors declare that they have no competing interest.

Authors’ contributions
JK design and programming the imaging sequence, acquisition of all data
(together with HP), processing all data (observer 1), data interpretation,



Keegan et al. Journal of Cardiovascular Magnetic Resonance  (2015) 17:8 Page 9 of 10
drafting of manuscript. HP acquisition of all data (together with JK),
processing all data (observer 2), statistical analysis of data, drafting of
manuscript. RS programming of retrospective gating and spiral
reconstruction modules on Siemens scanner which were subsequently
incorporated into the renal haemodynamics sequence by JK. RM and DF
advised on study design and implementation, reviewed data and results and
performed critical revision of manuscript. All authors read and approved the
final manuscript.

Acknowledgement
This project was supported by the National Institute of Health Research
Cardiovascular Biomedical Research Unit at the Royal Brompton Hospital and
Imperial College, London. This report is independent research by the
National Institute for Health Research Biomedical Research Unit Funding
Scheme. The views expressed in this publication are those of the author(s)
and not necessarily those of the NHS, the National Institute for Health
Research or the Department of Health.

Author details
1Cardiovascular Magnetic Resonance, Royal Brompton Hospital, Sydney
Street, London SW3 6NP, UK. 2Radiological Physics, University of Freiburg,
Freiburg, Germany. 3National Heart and Lung Institute, Imperial College
London, London, UK.

Received: 11 June 2014 Accepted: 16 December 2014

References
1. Radermacher J, Chavan A, Bleck J, Vitzthum A, Stoess B, Gebel MJ,

Galanski M, Koch KM, Haller H. Use of doppler ultrasonography to
predict the outcome of therapy for renal-artery stenosis. N Engl J Med.
2001;344:410–7.

2. Le Dorze M, Bougle A, Deruddre S, Duranteau J. Renal Doppler
ultrasound: a new tool to assess renal perfusion in critical illness.
Shock. 2012;37:360–5.

3. Patel H, Rosen S, Lindsay A, Hayward C, Lyon A, di Mario C. Targeting the
autonomic nervous system: measuring autonomic function and novel
devices for heart failure management. Int J Cardiol. 2013;170:107–17.

4. Tsioufis C, Papademetriou V, Dimitriadis K, Tsiachris D, Thomopoulos C, Park
E, Hata C, Papalois A, Stefanidis C. Catheter-based renal sympathetic
denervation exerts acute and chronic effects on renal hemodynamics in
swine. Int J Cardiol. 2013;168:987–92.

5. Markl M, Frydrychowicz A, Kozerke S, Hope M, Wieben O. 4D flow MRI.
J Magn Reson Imaging. 2012;36:1015–36.

6. Stankovic Z, Allen BD, Garcia J, Jarvis KB, Markl M. 4D flow imaging with
MRI. Cardiovasc Diagn Ther. 2014;4:173–92.

7. Langham MC, Englund EK, III2 Mohler ER, Li C, Rodgers ZB, Floyd TF, Wehrli
FW. Quantitative CMR markers of impaired vascular reactivity associated
with age and peripheral artery disease. J Cardiovasc Magn Reson.
2013;15:17–27.

8. Frydrychowicz A, Winterer JT, Zaitsev M, Jung B, Hennig J, Langer M, Markl
M. Visualization of iliac and proximal femoral artery hemodynamics using
time-resolved 3D phase contrast MRI at 3T. J Magn Reson Imaging.
2007;25:1085–92.

9. Krug B, Kugel H, Harnischmacher U, Heindel W, Schmidt R, Krings F. MR
pulsatility measurements in peripheral arteries: preliminary results. Magn
Reson Med. 1995;34:698–705.

10. Wåhlin A, Ambarki K, Birgander R, Wieben O, Johnson KM, Malm J, Eklund A.
Measuring pulsatile flow in cerebral arteries using 4D phase-contrast MR
imaging. Am J Neuroradiol. 2013;34:1740–5.

11. Tarumi T, Ayaz Khan M, Liu J, Tseng BY, Parker R, Riley J, Tinajero C, Zhang
R. Cerebral hemodynamics in normal aging: central artery stiffness, wave
reflection, and pressure pulsatility. J Cereb Blood Flow Metab.
2014;34:971–8.

12. Ambarki K, Hallberg P, Jóhannesson G, Lindén C, Zarrinkoob L, Wåhlin A,
Birgander R, Malm J, Eklund A. Blood flow of ophthalmic artery in healthy
individuals determined by phase-contrast magnetic resonance imaging.
Invest Opthalmol Vis Sci. 2013;54:2738–45.

13. Schubert T, Santini F, Stalder AF, Bock J, Meckel S, Bonati L, Markl M, Wetzel
S. Dampening of blood-flow pulsatility along the carotid siphon: does form
follow function? Am J Neuroradiol. 2011;32:1107–12.
14. Markl M, Geiger J, Kilner PJ, Föll D, Stiller B, Beyersdorf F, Arnold R,
Frydrychowicz A. Time-resolved three-dimensional magnetic resonance
velocity mapping of cardiovascular flow paths in volunteers and patients with
Fontan circulation. Eur J Cardiothorac Surg. 2011;39:206–12.

15. Barret K, Barmon S, Bostano S, Brooks H. Chapter 37: Renal function and
micturition in Ganong’s review of medical physiology. 24th Edition.
McGraw-Hill; 2012

16. Pelc LR, Pelc NJ, Rayhill SC, Castro LJ, Glover GH, Herfkens RJ, Miller DC,
Jeffrey RB. Arterial and venous blood flow: noninvasive quantitation with
MR imaging. Radiology. 1992;185:809–12.

17. Sommer G, Noorbehesht B, Pelc N, Jamison R, Pinevich AJ, Newton L, Myers
B. Normal renal blood flow measurement using phase-contrast cine
magnetic resonance imaging. Invest Radiol. 1992;27:465–70.

18. Wolf R, King B, Torres V, Wilson D, Ehman R. Measurement of normal renal
artery blood flow: cine phase contrast MR imaging vs clearance of
p-aminohippurate. Am J Roentgen. 1993;161:995–1002.

19. Debatin JF, Ting RH, Wegmüller H, Sommer FG, Frederickson JO, Brosnan TJ,
Bowman BS, Myers BD, Herfkens RJ, Pelc NJ. Renal artery blood flow: quantitation
with phase-contrast MR imaging with and without breath-holding. Radiology.
1994;190:371–8.

20. Thomsen C, Corsten M, Sondergaard L, Henriksen O, Stahlberg F. A segmented
k-space velocity mapping protocol for quatification of renal artery blood flow
during breath-holding. J Magn Reson Imaging. 1995;4:393–401.

21. Sommer G, Corrigan G, Fredrickson J, Sawyer-Glover A, Liao JR, Myers B, Pelc
N. Renal blood flow: measurement in vivo with rapid spiral MR imaging.
Radiology. 1998;208:729–34.

22. de Haan MW, Kouwenhoven M, Kessels AGH, van Engelshoven JMA. Renal
artery blood flow: quantification with breath-hold or respiratory triggered
phase-contrast MR imaging. Eur Radiol. 2000;10:1133–7.

23. Bax L, Bakker C, Klein W, Blanken N, Beutler J, Mali W. Renal blood
flow measurements with use of phase contrast magnetic resonance imaging:
normal values and reproducibility. J Vasc Interv Radiol. 2005;16:807–14.

24. Khatir D, Petersen M, Jespersen B, Buus N. Reproducibility of MRI renal
artery blood flow and BOLD measurements in patients with chronic kidney
disease and healthy controls. J Magn Reson Imaging. 2013 Nov 5.
doi:101002/jmri.24446 [Epub ahead of print].

25. Bock M, Schoenberg S, Schad L, Knopp M, Essig M, van Kaick G. Interleaved
gradient echo planar (IGEPI) and phase contrast cine-pc flow measurements
in the renal artery. J Magn Reson Imaging. 1998;8:889–95.

26. Dambreville S, Chapman AB, Torres V, King BF, Wallin AK, Frakes DH
et al. Renal arterial blood flow measurement by breath-hold MRI:
accuracy in phantom scans and reproducibility in healthy subjects.
Magn Reson Med. 2010;63:940–50.

27. Park JB, Santos JM, Hargreaves BA, Nayak KS, Sommer G, Hu BS, Nishimura
DG. Rapid measurement of renal artery blood flow with ungated spiral
phase-contrast MRI. J Magn Reson Imaging. 2005;21:590–5.

28. Park JB, Olcot E, Nishimura DG. Rapid measurement of time-averaged blood
flow using ungated spiral contrast. Magn Reson Med. 2003;49:322–8.

29. Steeden JA, Muthurangu V. Investigating the limitations of single breath-hold
renal artery blood flow measurements using spiral phase contrast MR with R-R
interval averaging. J Magn Reson Imaging. 2014 Apr 10. doi:10.1002/jmri.24638.
[Epub ahead of print]

30. Jackson JI, Meyer CH, Nishimura DG, Macovski A. Selection of a convolution
function for Fourier inversion using gridding [computerized tomography
application]. IEEE Trans Med Imaging. 1991;10:473–8.

31. Chernobelsky A, Shubayev O, Comeau CR, Wolff SD. Baseline correction of
phase contrast images improves quantification of blood flow in the great
vessels. J Cardiovasc Magn Reson. 2007;9:681–5.

32. Jones R, Payne B. Clinical Investigation and Statistics in Laboratory Medicine.
London: ACB Venture Publications; 1997.

33. Petersen L, Petersen J, Ladefoged S, Mehlsen J, Jensen A. The pulsatility
index and the resistive index in renal arteries in patients with hypertension
and chronic renal failure. Nephrol Dial Transplant. 1995;10:2060–4.

34. Krumme B, Hollenbeck M. Doppler sonography in renal artery stenosis -
does the resistive index predict the success of intervention? Nephrol Dial
Transplant. 2007;22:692–6.

35. Gatehouse PD, Rolf MP, Graves MJ, Kilner PJ, Firmin DN, Hofman MB. Flow
measurement by cardiovascular magnetic resonance: a multi-centre
multi-vendor study of background phase offset errors that can compromise
the accuracy of derived regurgitant or shunt flow measurements.
J Cardiovasc Magn Reson. 2010;12:5. doi:10.1186/1532-429X-12-5.



Keegan et al. Journal of Cardiovascular Magnetic Resonance  (2015) 17:8 Page 10 of 10
36. Tang C, Blatter DD, Parker DL. Accuracy of phase contrast flow
measurements in the presence of partial-volume effects. J Magn Reson
Imaging. 1993;3:377–85.

37. Wolf RL, Ehman RL, Riederer SJ, Rossman PJ. Analysis of systematic and
random error in MR volumetric flow measurements. Magn Reson Med.
1993;30:82–91.

38. Ohta Y, Fujii K, Arima H, Matsumura K, Tsuchihashi T, Tokumoto M, Tsuruya
K, Kanai H, Iwase M, Hirakata H, Iida M. Increased renal resistive index in
atherosclerosis and diabetic nephropathy assessed by Doppler sonography.
J Hypertension. 2005;23:1905–11.

39. Sacerdoti D, Gaiani S, Buonamico P, Merkel C, Zoli M, Bolondi L, Sabba C.
Interobserver and interequipment variability of hepatic, splenic and renal
arterial Doppler resistance indices in normal subjects and patients with
cirrhosis. J Hepatol. 1997;27:986–92.

40. Boddi M, Sacchi S, Lammel R, Mohseni R, Serneri G. Age-related and
vasomotor stimuli-induced changes in renal vascular resistance detected by
Doppler ultrasound. AJR. 1996;9:461–6.

41. London N, Aldoori M, Lodge V, Bates J, Irving H, Giles G. Reproducibility of
Doppler ultrasound measurement of renal resistance index in renal
allografts. BJR. 1993;66:510–3.

42. Currier DP. Elements of Research in Physical Therapy. 3rd ed. Baltimore:
Williams and Wilkins; 1990.

43. Zhang H, Sos T, Wichester P, Gao J, Prince M. Renal artery stenosis: imaging
options, pitfalls and concerns. Prog Cardiovasc Dis. 2009;52:209–19.

44. Kaiser C1, Götzberger M, Landauer N, Dieterle C, Heldwein W, Schiemann U.
Age dependency of intrarenal resistance index (RI) in healthy adults and
patients with fatty liver disease. Eur J Med Res. 2007;12:191–5.

45. Mastorakou I, Lindsell D, Piepoli M, Adamopoulos S, Lidingham J. Pulsatility
and resistance indices in intrarenal arteries of normal adults. Abdom
Imaging. 1994;19:369–73.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Analysis

	Results
	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgement
	Author details
	References

