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Objective: To assess the feasibility of susceptibility-weighted imaging (SWI) while monitoring changes in renal oxygenation
level after water loading.

Materials and Methods: Thirty-two volunteers (age, 28.0 + 2.2 years) were enrolled in this study. SWI and multi-echo
gradient echo sequence-based T2* mapping were used to cover the kidney before and after water loading. Cortical and
medullary parameters were measured using small regions of interest, and their relative changes due to water loading were
calculated based on baseline and post-water loading data. An intraclass correlation coefficient analysis was used to assess
inter-observer reliability of each parameter. A receiver operating characteristic curve analysis was conducted to compare
the performance of the two methods for detecting renal oxygenation changes due to water loading.

Results: Both medullary phase and medullary T2* values increased after water loading (p < 0.001), although poor
correlations were found between the phase changes and the T2* changes (p > 0.05). Interobserver reliability was excellent
for the T2* values, good for SWI cortical phase values, and moderate for the SWI medullary phase values. The area under
receiver operating characteristic curve of the SWI medullary phase values was 0.85 and was not different from the medullary
T2* value (0.84).

Conclusion: Susceptibility-weighted imaging enabled monitoring changes in the oxygenation level in the medulla after
water loading, and may allow comparable feasibility to detect renal oxygenation level changes due to water loading
compared with that of T2* mapping.

Index terms: Magnetic resonance imaging; Blood oxygen level dependent; Susceptibility-weighted imaging; Phase; T2*; Renal
oxygenation level
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Renal oxygenation status has received considerable
attention from the scientific and clinical communities (1,
2), and quantitative measurements of tissue oxygenation
levels are crucial to assess tissue metabolism and function.
However, the counter-current arrangement of capillary
blood flow results in a state of relative hypoxia within the
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renal medulla under normal conditions (3), rendering the
kidneys more susceptible to small changes in oxygenation
level (4). Therefore, detecting oxygenation level changes in

827


http://crossmark.crossref.org/dialog/?doi=10.3348/kjr.2015.16.4.827&domain=pdf&date_stamp=2015-07-01

Korean Journal of Radiology

the kidney are clinically important, suggesting the need for
non-invasive methods to measure these levels.

As T2* relaxation time is related to the deoxyhemoglobin
content in tissue (5) and can be estimated from signal
intensity measurements made at several different echo
times, multi-echo gradient echo sequence (mGRE)-based
T2* mapping is commonly used to evaluate intra-renal
oxygenation level changes in animal models and humans
(6-9), following the physiological or pharmacological
maneuvers such as water loading (6), naproxen
administration (7), and furosemide injection (8).

Susceptibility-weighted imaging (SWI) is another GRE-
based method with image contrast originating from
magnitude and, particularly, phase information (10). Due
to the high sensitivity of its phase-to-magnetic properties,
SWI serves as a quantitative method to investigate tissue
oxygenation levels (10, 11). The phase takes advantage of
the fact that the magnetic properties of hemoglobin depend
on its oxygenation status (11). Hence, the association
between phase and oxygenation status of hemoglobin
enables the phase to be a possible indicator of oxygenation
level. However, no studies have used SWI to evaluate renal
oxygenation levels.

We hypothesized that SWI would be useful to monitor
changes in renal oxygenation levels. The aim of this study
was to assess the feasibility of SWI for monitoring renal
oxygenation level changes after water loading.

MATERIALS AND METHODS

Subjects
This study was approved by the local Institutional Review
Board, and informed consent was obtained from all subjects.
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The study population consisted of 32 subjects (15 females
and 17 males; age range, 25-35 years; mean age, 28.0 + 2.2
years) who met the following criteria: 1) no history of renal
disease, 2) did not take any medication for up to 2 months
before this study, and 3) could hold their breath for at least
15 seconds. The mean serum creatinine level was measured
before a magnetic resonance imaging (MRI) examination,
and was 73.72 + 11.63 pumol/L.

The subjects were instructed to fast and stop drinking
water for at least 12 hours overnight. All subjects were
weighted before the MRI examination, and MRI was taken
before and after water loading. MRI was carried out with
the subjects in the supine position. The subjects were asked
to step out from the scanner and drink 20 mL of water/
kg body weight within 15 minutes for water loading. Then,
they were asked to urinate every 15 minutes, and the
volume of urinary eliminated was recorded. The post-water
loading MRI was not taken until the volume of urine sample
exceeded 75 mL every 15 minutes, indicating vigorous
water diuresis and that the renal oxygenation level had
changed, as shown previously (12). The second examination
time depended on the urine volume of the participants. The
median time interval between the two MRI examinations
was 60 minutes (range, 30-90 minutes).

MRI

All MRIs were obtained on a 3.0 T whole-body system
(Achieva TX, Philips Healthcare, Best, the Netherlands)
equipped with a commercial 32-channel torso phase array
coil. Five MRI sequences were taken in this study (Table 1).

The coronal images were used for identifying the kidneys,
and all subsequent transverse images of the other sequences
were acquired covering the whole kidney. The order of the

Table 1. Imaging Parameters of Magnetic Resonance Imaging Sequences

Sequences T2WI (HASTE) T1WI (FLASH) T2WI (HASTE) T2*WI (mGRE) SWI (GRE)
Imaging plane Coronal Transverse Transverse Transverse Transverse
Breath technique Breath-hold Breath-hold Breath-hold Breath-hold Breath-hold
TR/TE (ms) 2400/91 161/2.46 2400/98  336/6-39.84 with a interval of 3.76  143/10
Field of view (mm?) 380 x 380 380 x 285 380 x 285 360 x 270 360 x 270
Matrix 256 x 179 320 x 168 320 x 168 256 x 163 256 x 182
Number of slices 19 21 21 18 16
Slices thickness/gap (mm) 7.0/2.1 5.5/1.65 5.5/1.65 5.0/1.0 5.0/1.0
Flip angle (degrees) 160 70 160 60 20
Echo train length 179 - 168 - -
Bandwidth (Hz/Px) 781 270 488 500 15

FLASH = fast low-angle shot, GRE = gradient resonance echo, HASTE = half-Fourier acquisition single-shot turbo spin echo, mGRE = multi-
echo gradient resonance echo, SWI = susceptibility weighted imaging, TIWI = T1-weighted imaging, T2WI = T2-weighted imaging, T2*WI
= T2*-weighted imaging, TE = echo time, TR = repeated time
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transverse sequences was T1-, T2-weighted, mGRE, and SWI.
Conventional T1- and T2-weighted images were used to
screen the space-occupying renal lesions.

Susceptibility Weighted Imaging

Magnitude and original phase two-dimensional SWI
images were produced online automatically. The original
phase images were processed offline with SPIN software
developed in-house (Signal Processing in NMR, Wayne
State University, Detroit, MI, USA). The phase images were
processed using a 32 x 32 high-pass filter (10) to remove
the low frequency phase-shift artifacts caused by air-
tissue interfaces and background field inhomogeneity. The
phase images corrected in the previous step were acquired
with pixel gray-level values of 0-4096 in the right-handed
system. A simple conversion formula was used to translate
the pixel-wise gray-level value to its natural range [-, «t]
in radians (13):

X

Phase value (rad) == (W -1) (1),

where  represents the measured gray-level value of the
pixel, and 7 is 3.14.

T2* Mapping

T2* values were estimated as the slope of decay rate of
the MRI signal by fitting signal intensity vs. echo-time to a
single exponential function in a pixel-by-pixel scheme using
SPIN software. A set of T2* maps were created and each
map corresponded to a specific slice.

Imaging Analysis
All datasets were analyzed independently by two
radiologists with > 10 years experience interpreting

Magnitude image

Phase image
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abdominal MRI. The radiologists were blinded as to whether
the MRIs were obtained before or after water loading.

First, the pre- and post-water loading mGRE and SWI
datasets were co-registered on an extended workstation
(EWS, Philips Healthcare) to avoid mismatched artifacts
resulting from different positions of the kidney image
during breath holds. Then, the phase datasets were
exported to SPIN for correction processing (presented in the
last section) and subsequent analysis. Second, to ensure
that each region of interest (ROI) fell within identifiable
medullary and cortical sections, one plane through the renal
hilum of each kidney was used for the image analysis at
the point where the optimal contrast between the cortex
and medulla was observed. The kidney ROI was divided into
three segments; one cortical ROI and one medullary ROI
were drawn in each segment (6-10 pixels within each ROI)
and transferred to phase images and T2* maps to measure
the parameters (Fig. 1). The mean phase (Qcex aNd Preuta)-
and mean T2* (T2* e and T2* .q1.) Values were calculated
by averaging the cortical and medullary ROIs, respectively,
measured by the two radiologists. The relative changes (RC)
in the mean phase and T2* values after water loading were
calculated using the following equations.

RC, = -2¢

= _ T 0,
“ovr X 100% (),

where RC, is the relative change in the mean phase
values; Ao = ¢, - @,, and ¢, and ¢, denote the phase values
measured before and after water loading, respectively.

AT2*
RC = == x 100% 3),
T2l ’ ®

where RC; is the relative change in the mean T2* values,

AT2* =T2*, - T2*,, and T2*, and T2*, denote T2* measured

T2* map

Fig. 1. Drawing of regions of interest (ROIs) in renal parenchyma. 30-year-old male volunteer underwent transverse susceptibility-
weighted imaging and T2* mapping before water loading. One cortical ROI and one medullary ROI were drawn in each segment on magnitude
image and were applied to phase image and T2* map to measure parameters in cortex and medulla, respectively.
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before and after water load respectively.

Statistical Analysis

Results are expressed as mean and standard deviation.
The paired t test was used to compare the quantitative
values obtained before and after water loading, and those
measured by the two methods. The correlation between
the phase and T2* changes was analyzed using Pearson’s
correlation coefficient analysis. Inter-observer reliability
of each quantitative parameter was assessed using the
intraclass correlation coefficient (ICC), and calculated
in a two-way random effects model based on absolute
agreement. In addition, the ICC computation also provided
an estimate of accuracy (95% confidence interval) of the
reliability levels. Agreement strengths for the ICC values
were classified as follows: 0.00-0.40, poor; 0.41-0.60,
moderate; 0.61-0.80, good; and 0.81-1.00, excellent
correlation. The performance of the two methods for
detecting renal oxygenation changes to water loading was
tested using a receiver operating characteristic curve (ROC)
analysis, and the areas under curves (AUC) were compared
using the Z test. Sensitivity and specificity for each
parameter were acquired at the same time. SPSS Statistics
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for Windows ver. 17.0 (SPSS Inc., Chicago, IL, USA) was
used for all statistical analyses. A two-sided p value < 0.05
was considered significant.

RESULTS

Renal Oxygenation Changes due to Water Loading

After water loading, AQ . Was (1.56 + 8.81) x 107
rad, RC, was 1.06 + 5.52%, and AT2* .., was 0.16 + 3.63
ms with RC; of 0.44 + 6.21%. No significant differences
were observed for Qe (p = 0.33) and T2* ., (p = 0.80)
between pre- and post-water loading or between cortical
RC, and RC; (p = 0.68). In contrast, AQpequa Was (3.05 + 2.05)
x 107 rad, RC, was 26.07 + 15.52%, AT2* .. Was 2.58 +
1.30 ms, and RC; was 10.45 + 5.46%. Significant differences
were detected for @equ. and T2* .qu. after water loading (p
< 0.001), and between medullary RC, and RC; (p < 0.001)

(Fig. 2).

Correlations between the Phase Changes and T2*
Changes

No positive linear correlations were detected between the
phase changes and the T2* changes due to water loading (all
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Fig. 2. Distinct change in trend of quantitative parameter measurements appeared in renal medulla after water loading. Very few
changes in phase and T2* values occurred in renal cortex, whereas medullary values increased for most of subjects after water loading.
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p > 0.05) (Fig. 3).

Interobserver Reliability
Interobserver reliability was excellent for the T2* values,
followed by @coex aNd Qpequia (Table 2).

Comparison of the Two Methods by ROC Analysis

The AUC was 0.85 for ¢pequ. and 0.84 for T2* .y (P =
0.85) (Fig. 4). Sensitivity and specificity were 87.50% and
71.87%, respectively when the @4, cutoffs was -9.99
x 107 rad, 75.00%, and 84.40% respectively when the
T2* equia CUtoff was 26.22 ms.
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Blood flow supplied to the renal cortex normally far

DISCUSSION

exceeds the metabolic needs of the renal cortex, whereas
the renal medulla is short of blood supply and relatively
hypoxic (3). Therefore, the kidney is actually two organs
of the cortex and medulla in terms of oxygenation level
(3). A previous study used invasive microelectrodes and
demonstrated a significant gradient in tissue oxygenation
within the kidney (14). The two methods used here detected
lower phase and T2* values in the renal medulla compared
to those of renal cortex pre- and post-water loading,
suggesting that both methods detected the oxygenation
difference between the cortex and medulla.

Cortical oxygenation was higher and insensitive to water
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Fig. 3. Correlations between phase changes and T2* changes due to water loading. Poor correlations were present between phase

changes and T2* changes (all p > 0.05).

Table 2. Interobserver Reliability Level of Phase and T2* Values (n = 32)

Phase Values (x 107 Rad)

T2* Values (ms)

Groups Radiologist 1 Radiologist 2 ICC (95% C1) Radiologist 1 Radiologist 2 ICC (95% CD)
Pre Cortex 163.64 + 7.92 158.36 + 7.73 0.79 (0.23, 0.94) 59.25 £ 5.27 58.12 + 6.19 0.94 (0.80, 0.98)
Medulla -11.22 £ 2.34 -11.15 £+ 3.88 0.60 (-0.30, 0.88) 26.00 £ 2.42 23.86 + 2.44 0.85 (0.48, 0.96)
Post Cortex 163.67 + 11.41 161.44 + 11.94 0.75 (0.07, 0.93) 59.28 £ 5.22 58.41 + 5.79 0.95 (0.82, 0.99)
Medulla -8.34 + 2.03 -7.93 + 2.69 0.50 (-0.80, 0.86) 28.85 + 3.06 26.16 + 2.06 0.83 (0.42, 0.95)

Data was represent as mean and standard deviation. CI = confidence interval, ICC = intraclass correlation coefficient
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Fig. 4. Receiver operating characteristics curve analysis of two
methods for detecting changes in renal oxygenation levels due
to water loading. Area under receiver operating characteristic curve
(AUC) was not significantly larger for medullary phase (@pegua), 3S
measured using susceptibility weighted imaging, than medullary T2*
values (T2* ) USiNg T2* map.
loading. In this study, the cortical T2* and phase values
were not different after water loading. The oxygenation
status of the cortex in a normal kidney found in this study
was consistent with that reported previously (6, 15). Unlike
the renal cortex, medullary oxygenation is sensitive to
water loading. The tonic endogenous prostaglandin (PGE,)
contributes to decrease deoxyhemoglobin levels in the renal
medulla after water loading in young subjects (16). In
other words, the decrease in deoxyhemoglobin level results
from the reduced consumption of oxygen as indicated by
the increased phase (26.1%) and T2* (10.4%) values within
the medulla after water loading.

Both the phase and T2* values are affected by
the concentrations of components, such as iron and
deoxyhemoglobin (17-20). Phase and T2* values have been
used in previous studies to quantify putative iron content
in the human brain, and the results of both methods had
good agreement in some structures but poor agreement in
others (21, 22). In another study that quantified hepatic
iron deposition in patients with cirrhosis, the phase and
T2* values were linearly correlated with serum ferritin
concentrations, and a positive correlation was found
between the two methods for patients but not for healthy
individuals (23). We found no correlation between the
phase changes and T2* changes in healthy volunteers.

832
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The lack of a correlation between the two methods in
our study can be attributed to different signal change
mechanisms. In a previous study on iron deposition in
the brain (24), large amounts of iron, which cause strong
dephasing across a voxel, cause appropriate decreases
in T2*, whereas smaller amounts of iron, which cause
weaker dephasing across a voxel, may have little effect on
T2*. Hence, phase is much more sensitive to lower iron
concentrations, and phase aliasing occurs when iron content
is too high (24), which may be the reason why the phase
change was double that of the T2* changes in the renal
medulla due to water loading. Similarly, we deduced that
the different signal change mechanics of both methods were
responsible for the lack of a correlation in our results, as
oxyhemoglobin possesses diamagnetic properties. Therefore,
both phase and T2* mapping have their advantages when
the exact deoxyhemoglobin concentration is unknown.

Notably, the orientation of the kidney in a magnetic field
can affect the phase measurement. For example, phase
shifts depend on the orientation of the underlying white
matter fibers with respect to the main magnetic field in
vivo (25). Renal parenchyma has a well-defined structure
consisting of tubules, collecting ducts, and vessels oriented
radially from the cortex towards the pelvis, which can be
observed microscopically. In particular, diffusion tensor
imaging reveals highly structured tine tubules and vessels
delicately arranged in the renal medulla (26, 27). In this
study, we assumed that the highly structured renal tissue
may have affected the phase measurements, and that the
adverse influence was minimized by selecting slices through
the renal hilum where structured tine tubules and vessels
for each kidney of the volunteers were related vertically
with the main magnetic axis (z-axis).

This study had several limitations that should be
recognized. First, the renal oxygenation level changes
due to water loading detected by phase changes were
confirmed by T2* mapping, but the golden standard
of invasive microelectrodes was not used on healthy
volunteers. The renal tissue oxygenation changes measured
by SWI should be confirmed using an invasive probe in an
animal study (28) or by the urine or serum oxidative stress
biomarkers in human studies as indicated previously (29).
Second, quantitative susceptibility mapping could be an
attractive post-processing technique to better quantify
oxygenation levels, but this technique requires higher
resolution than that used in this study (30). Third, we
used consecutive breath hold acquisitions for the kidney
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coverage measurements, which may not be feasible when
this technique is applied to patients with a deteriorated
respiratory condition. Fourth, even with high-pass filters
and image co-registration of the phase images, extra-
phase errors can be introduced due to different field
inhomogeneities at two separate measurements for each
volunteer before and after water loading, which may have

adversely affected the accuracy of the quantitative analysis.

In conclusion, our study was the first to demonstrate
changes in renal oxygenation levels after water-load using
both SWI and T2* mapping. SWI phase images were used to
monitor changes in oxygenation levels in the renal medulla
after water loading, and the results were confirmed by T2*
mapping, indicating that SWI may be adequate to detect
renal oxygenation level changes after water loading, similar
to T2* mapping.
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