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Abstract
Objectives—Functional Blood Oxygenation Level Dependent (BOLD) MRI is a powerful tool
to assess renal function, but BOLD analysis using T2* image differentiation of cortex and medulla
is laborious and prone to errors. We developed and validated an alternative compartmental
analysis method to differentiate renal cortical and medullary BOLD relaxivity index, R2*. This
method utilizes whole-kidney regions of interest (ROI), thus eliminating the need for anatomical
cortical and medullary definition.

Materials and Methods—Nine hypertensive patients and 11 domestic pigs, some with renal
artery stenosis (RAS), were studied using BOLD MRI before and after injection of furosemide,
which reduces medullary oxygen consumption. R2* in cortex and medulla estimated before and
after furosemide with the compartmental method were compared to those obtained using
conventional T2*-image selection for ROI (manual ROI method), and a reference method with
ROIs obtained using contrast-enhanced CT images co-registered for the same kidneys.

Results—All 3 methods provided similar cortical R2* values, but the Bland-Altman methods-
agreement confidence intervals of the reference and compartmental-derived medullary R2*
response in humans and pigs were smaller than those in the manual ROI method. Operator-
dependency in swine was lower in the compartmental method and its estimates of variation were
almost 1/3 compared to the manual ROI method.

Conclusions—The new compartmental method, which is less labor-intensive than the
conventional method, provides comparable and less variable kidney R2* estimations, especially in
renal medulla. This method could be useful for analysis of kidney BOLD data.
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Introduction
Blood oxygenation level dependent (BOLD) magnetic resonance imaging (MRI) is a
powerful tomographic technique that enables assessment of tissue oxygenation 1 and has
been used for intra-renal oxygen level evaluation for more than a decade 2-4 in a range of
renal disorders, such as ischemic renal injury, diabetes and hypertension 5-9. Its non-invasive
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nature and ability to detect changes in kidney oxygen consumption secondary to
physiological and pathophysiological challenges or drugs have turned this technique into a
valuable functional too3,10-12.

BOLD-derived renal oxygenation is determined by the relaxivity index R2*, which reflects
the tissue level of deoxyhemoglobin in discrete regions of interest (ROI) in the renal cortex
and medulla on T2*-weighted images. The kidney circulation has remarkably regulated
gradients for local oxygenation that differ between cortex and medulla, leaving some areas
within the deep sections of medulla relatively hypoxic, even in normal kidneys. Changes in
R2* in response to maneuvers that alter oxygen consumption, such as furosemide, a loop
diuretic that inhibits sodium reabsorption at the medullary thick ascending limb of loop of
Henle, reflect tubular workload and function10. However, how best to define the ROI’s that
adequately represent cortical and medullary physiology remains a challenge.
Conventionally, small ROIs showing the greatest hypoxia are selected, yet may misrepresent
other regions of the heterogeneous medulla and are dependent on adequate differentiation of
the cortex and medulla 10,13.

The renal cortex and medulla can often be visually discerned on MRI images of the human
kidney. However, T2*-weighted MR images may not provide sufficient contrast to reliably
differentiate these two compartments in other species or after a challenge, such as a loop
diuretic, that brings medullary and cortical oxygenation to comparable levels 3. In addition,
the accuracy, precision, and reproducibility of R2* values can be affected by the size of
ROI. Larger ROIs that cover the entire compartments yield more representative and less
noisy mean values, but are more prone to mis-registration between interventions14. This
might introduce large errors because a small volume averaging with other compartments,
such as the renal pelvis, can result in considerable underestimation of medullary R2*. On the
other hand, small central ROIs are less vulnerable to volume averaging, but may be skewed
by fluctuations caused by spatial and temporal heterogeneity in oxygen distribution in the
kidney, particularly in the medulla 15. Therefore, estimated response to the challenge can be
modulated by low frequency fluctuations of oxygen distribution.

We developed a new method for BOLD image analysis based upon the mean and
distribution of R2* values for the cortex and medulla. This approach avoids the inherent
limitations in selecting ROI by size and location. The new distribution function-based
method distinguishes between the cortical and medullary populations without a need for
manual ROI selection and is independent of orientation and volume change. We compared
R2* values obtained with this method to those derived with conventional techniques in both
animals and humans. Our reference method used ROI defined on CT images of the same
subject. Co-registration of contrast-enhanced CT and MR images affords anatomically more
precise ROIs, because the contrast agents distribute proportionally to blood flow, which is
much higher in cortex than in medulla. Because imaging artifacts, physiological factors, and
experimental conditions may be species-dependent and affect these measurements, for the
present study we compared these methods of BOLD MRI analysis within swine models of
different strains and chronic vascular occlusion and within humans undergoing protocol
studies for evaluation of atherosclerotic renal vascular disease.

Materials and Methods
The new method relies on the heterogeneity of medullary oxygenation. Oxygen distribution
in the cortex is homogenous and its levels are high because of its extensive blood flow,
abundant oxygen supply, and low metabolic rate relative to the medulla 16. In the medulla,
however, high oxygen demand, limited supply, and variable metabolic rates along the
nephron produce considerable spatial heterogeneity in oxygen levels17.
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Cortical and medullary R2* distributions were characterized with Gaussian and gamma
distribution functions, respectively. The distribution functions were chosen empirically and
validated using statistical tests. The R2* distributions in the cortex, Equation (1.a), and
medulla, Equation (1.b), were expressed as:

(1.a)

and

(1.b)

Where a1 and a2 are population scale parameters,  is the mean and σ2 is the variance of
cortical BOLD index. In the medullary distribution function, k and θ are shape and scale
parameters. RT is the lower threshold of R2* in medulla. The parameters in the cortical and
medullary distribution functions were hence estimated by simultaneously fitting the
collective R2* values, from all slices, to a sum of a Gaussian and a Gamma distribution
functions:

(2)

The mean cortical R2*, , was estimated directly from fitting equation (2) to the data,
whereas the medullary mean R2* was calculated from the medullary distribution:

(3)

The mean R2* values calculated using the method above were compared, later, to mean R2*
values calculated using the conventional and a reference methods.

Experimental Protocol
The relaxivity index R2* was calculated in pigs (n=11 total) and a eventually confirmed in
group of patients (n=9) using the new “compartmental” method and two other techniques.
All subjects underwent BOLD-MRI under basal conditions and after administration of
furosemide intravenously, and 1-4 days later underwent contrast-enhanced CT. In one of
these analysis techniques contrast-enhanced CT images were utilized to define the ROI’s
and subsequently select medullary and cortical ROIs to apply on MRI images. This “hybrid”
method was used as the reference standard. In the conventional manual method the ROIs
were selected manually from T2* MR images. To increase the spectrum of renal
oxygenation and R2* values, some of the animals and humans included in this study had
unilateral renal artery stenosis (RAS), which can lead to severe renal hypoxia (increased
R2*).

Animal Protocol
All animal procedures followed the Guide for the Care and Use of Laboratory Animals
(National Research Council, National Academy Press, Washington, DC, 1996) and
approved by the Institutional Animal Care and Use Committee.
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Animal Groups
The studies were performed on 11 pigs of two different backgrounds (6 farm and 5 obese
Ossabaw). In Group 1, 4 normal and 2 RAS pigs (n=12 kidneys) were used to compare the
mean and response R2* to those obtained with the reference method. RAS was induced 6
weeks earlier by implanting a local-irritant coil in one renal artery 18, and was defined based
on presence of hemodynamically significant stenosis (>70% by angiogram) and elevation of
blood pressure. In addition, the inter-observer variability of mean R2*, analyzed by 2
different operators, was determined. Group 2 included 5 obese Ossabaw pigs (n=10 kidneys)
used to investigate the reproducibility of R2* values in kidney, using different sampling
orientations from axial and coronal MR images. Because of the surrounding layer of
perirenal fat, the obese pig kidneys are less vulnerable to abdominal susceptibility artifact
(ASA) and its impact on the reproducibility of the data.

Before each in vivo study animals were sedated (Telazol 5mg/kg and xylazine 2mg/kg in
saline, I.M), ventilated and then anesthesia maintained with inhaled 1-2% isoflurane.
Animals were ear vein catheterized and for administration of furosemide (0.5 mg/kg) after
baseline and the BOLD MRI study repeated 15 min later.

Patients Protocol
The patients’ protocol was approved by the institutional review board of the Mayo Clinic
and written consent was obtained.

A study in 9 patients (n=18 kidneys), 3 with essential hypertension and 6 with unilateral
RAS examined the feasibility of using the compartmental method in humans by comparing
its results to the manual ROI and hybrid methods. The patients were recruited from another
on-going clinical study19. Hemodynamically significant RAS was confirmed by Doppler
ultrasound and CT angiography following standard criteria.

Data Analysis
All data was processed in MATLAB 7.10 (MathWorks Inc, Natick, MA). R2* values were
estimated by calculating the decay rate of MR signal by fitting signal intensity vs. TE to a
single exponential function in a voxel-by-voxel scheme. An R2* parametric map was
created for each slice, and used to avoid the areas affected by visible artifacts. The major
source of artifact was ASA, which was recognized based on the location, pattern and R2*
values that were significantly higher than the surrounding cortical tissues. The mean R2* in
cortex and medulla were then calculated using the manual ROI, hybrid and compartmental
methods.

Manual ROI Method
R2* values were estimated from medullary ROI defined based on its anatomical location
and contrast from cortex in T2*-weighted MR images, using either small or large ROIs. The
small ROIs were drawn in the center and the large ROIs obtained by manually tracing the
entire visible medullary (12-24 ROIs per kidney) or cortical areas (Figures 1.a & 1.b). In this
study the manual ROI method will refer to the method with large ROIs unless stated
otherwise.

Hybrid Method
In the hybrid method the large medullary and cortical ROIs were traced on contrast-
enhanced co-registered MDCT images, and transferred to BOLD MRI images and the
parametric map (Figure 1.c). Similarly ROIs selected on pre-furosemide images were
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transferred to the same location on post-images. The area-weighted mean R2* values were
calculated for before and after intervention.

Compartmental Method
In this method the traced ROIs included the entire kidney, and the R2* histogram of the
tissue generated for values between 0-60 s−1 at resolution of 0.5-1.0 s−1 (Figure 2). The
upper limit of the R2* window was selected to include even the most hypoxic tissue, while
excluding higher values that generally belong to areas affected by residual ASA.

Because of their different distribution characteristics, cortical and medullary R2*
distributions were approximated by Gaussian and gamma distribution functions,
respectively, the validity of which was examined using statistical tests. In the cortex,
normality of distributions was assessed by skewness and kurtosis, calculated for each of 22
swine kidneys by sampling 250 cortical pixels, and Bowman-Shenton normality distribution
criteria was then investigated20. Partial sampling was preferred over entire cortex ROIs to
avoid regions even minimally affected by ASA, which might affect the skewness test.
Medullary R2* in each kidney was sampled using an approach similar to the hybrid method.
Multiple major distribution functions were examined against the data to find the closest
function, based on the co-linearity of probability plots 21,22.

To further test the validity of the distribution model assigned to the cortex and medulla, the
total volume of each sampled compartment was calculated by multiplying voxel volume by
the total number of voxels, and compared to the volumes estimated from the corresponding
contrast-enhanced MDCT images. For this purpose ROIs on corresponding MDCT images
traced entire cortex or medulla, and were transferred to the MRI images to calculate the total
number of voxels in each compartment. Volumes were assessed by multiplying the number
of these voxels to the voxel volume.

Magnetic Resonance Imaging protocol
BOLD scans were performed on a 3T (GE Medical Systems, Milwaukee, WI) scanner using
Fast Gradient Echo with multiple echo times. The MR parameters were optimized separately
for each species.

In the animal studies axial BOLD images were collected in oblique planes using 16 echoes.
Imaging parameters were set to TR/TE/Flip Angle/FOV/Slice thickness/Matrix = 100ms,
2.1-27ms, 40°, 32cm, 7mm, 256x256. In Group 2, both axial and coronal images were
collected with 2.5mm thickness to reduce other sources of error (e.g. volume averaging and
ASA) that could interfere with assessing the reproducibility. All acquisitions were
performed during suspended respiration.

In the patient study BOLD images were acquired using the same sequence with 8 echoes.
Images were acquired at TR/TE/Flip Angle/FOV/Slice thickness/Matrix = 140ms, 2.5-32ms,
45°, 32-40cm, 5mm, 224x160 to 192 pixels19. Patients were instructed to hold their breath
during acquisition intervals (maximum 20 seconds).

Multi-detector Computerized Tomography (MDCT) protocol
Fast CT studies were performed 1-4 days after MRI to assess renal anatomy and size in each
kidney by multi-detector computed tomography (MDCT) after a bolus of x-ray contrast
medium, iopamidal (0.5cc/kg over 5-6 seconds).

Axial images were acquired by a Somatom Definition Dual Source scanner (Siemens
Medical Solutions, Forchheim, Germany) at helical acquisition with thickness of 0.6mm and
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resolution of 512x512. The volume images were reconstructed at 0.6mm thickness with
0.3mm overlap using the convolution kernel =B10f. Initiation of acquisition was set to
trigger near the peak of the aorta intensity signal, such that the duration of acquisition time
encompasses the vascular phase (maximal intensity) of contrast through the cortex of both
kidneys.

Co-registration
Image co-registration (4 slices per kidney) was performed using the 3D Voxel Co-
registration module in Analyze® (Biomedical Imaging Resource, Mayo Clinic, Rochester,
MN). CT images corresponding to baseline (pre-furosemide) MR slices were co-registered
based on anatomical reference points inside and around the kidney (Figure 3). Co-
registration was performed and inspected in all 3 dimensions for close match of cortical and
visible medullary regions. Then CT images matching MR specifications, such as thickness
and spatial resolution, were re-created from the volume data. In addition to MDCT-MRI co-
registration, post furosemide MR images were also co-registered to the baseline images to
reduce motion errors. This was particularly useful for the humankidneys, considering the
possibility of small position shifts between the two scans.

Statistical Methods
In the patient study and Group 1 all values have been reported as bias ± variation calculated
according to Bland-Altman method 23, with the bias being the mean deviation from the
mean reference value. Positive bias indicates the method overestimates the measured
parameter, and negative values indicate underestimation. Bias values smaller than the
resolution of the histograms (0.5-1.0 s−1) were considered negligible. Variation was used as
a measure of precision and reproducibility, and equals the standard deviation from the
reference values and one half of 95% confidence interval in the Bland-Altman plots. Smaller
numbers and tighter confidence intervals suggest smaller deviation from the reference
standard method.

Inter-observer reproducibility was examined by calculating the , which is the difference
in R2* values estimated by the two independent operators for every kidney in the group.
Results were reported as bias (difference in mean values) ± inter-observer variability (the
standard deviation of  distribution).

The reproducibility of R2* was also investigated by comparing R2* values estimated from
axial and coronal images in Group 2 to find the method that provides the most reproducible
global mean R2* values independent of sampling orientation.

Results
The inherent nature of oxygen distribution in the kidney revealed two distinct populations in
its R2* histogram, which were separated by the new compartmental method to calculate the
mean R2* value for each compartment. In 22 domestic pig kidneys, the average cortex
kurtosis and absolute skewness were 3.5±1.2 and 0.3±0.2, respectively, and the Bowman-
Shenton contour test showed that the R2* distribution can be closely characterized by
Gaussian distribution (Figure 2.c, adjusted R2 > 0.98). Distribution of R2* values in the
medulla was asymmetric, with a slow decaying skew towards higher R2* values. The
probability plots for the 3-parameter gamma distribution (shape, scale, and position) were
collinear over a large part of the R2* spectrum, and in spite of some deviation from the
model at low R2* values, the higher values, representing the most hypoxic regions, best
fitted the gamma distribution function (adjusted R2 > 0.91).
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Figure 4 shows the R2* distribution curves obtained before and after furosemide that
demonstrated reduction in R2* after drug administration which was larger in the medulla
than in the cortex. Also, in the cortex the reduction reflected a slight shift towards smaller
R2* values, while the curve retained its width (from 3.1±0.8 s−1 to 3.4±1.1 s−1). In the
medulla, on the other hand, in addition to a shift, a change in the distribution pattern of R2*
values was evident.

Medullary R2* values showed significant decrease after furosemide in all methods (p<0.05
vs. baseline) except for the manual method with small ROIs (Table 1). The estimated
medullary responses to the drug challenge in the compartmental and manual ROI methods
were in close agreement with the reference hybrid method, and the differences were less
than 1 s−1 (Figure 5). The variations from the reference values were smaller in the
compartmental method as the confidence interval was 75% smaller than the manual ROI
method (Figure 6.a). In addition, R2* obtained using manual ROI method with small ROIs
showed medullary R2* variation from the reference value more than twice of the
compartmental method (2.5 s−1 vs. 1.2 s−1, respectively), suggesting lower reproducibility
of the former method.

While central medullary regions remained uninfluenced by ASA, the anterior renal cortex
was affected in most of the axial images and rarely in coronal images. In the manual ROI
method, ASA resulted in elevation of cortical R2* values proportional to the size or severity
of the artifact (data not shown). Due to the resemblance of the manual ROI and hybrid
methods in cortical R2* estimation approach, similar elevations were observed in the hybrid
method. After the affected areas were excluded, all three methods estimated cortical R2*
values similarly. In contrast, cortical R*2 values calculated before and after excluding ASA
using compartmental method remained the same (<1 s−1).

In Group 1, the difference in mean medullary R2* response by different operators were
smaller than the precision of both the compartmental and the manual ROI methods (Table
2), implying that the average response to the drug, estimated by different operators were
similar. However, the compartmental method produced less variable and thus more
reproducible results, and showed less operator dependency.

In Group 2, the estimated coronal and axial mean R2* values in the medulla remained
similar regardless of the orientation and method used, but the variation in the compartmental
method was 30% smaller than that in the manual ROI method (Figure 7). In the cortex, these
methods showed similar reproducibility (−0.4±1.0 s−1 and −0.2±1.1 s−1, respectively).

Human studies
The data from the patient study, analyzed similar to Group 1, are demonstrated in Figure 8.
The manual ROI method overestimated the response to the drug by 1.2 s−1 while the bias in
the compartmental method was only 0.5 s−1. Also, comparing to the hybrid method, the
variations in the results of the manual ROI were 85% larger than in the compartmental
method.

Finally, medullary volumes, in the 4 analyzed slices per kidney, estimated from the
compartmental method yielded values slightly (12%) but not significantly smaller than the
MDCT reference volumes (4.98±0.79 cm3 and 4.44±1.64 cm3, respectively, p>0.1).

Discussion
This study introduces a novel method to estimate the R2* distribution in the renal cortex and
medulla and assess the response to furosemide. The method was compared to a conventional
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manual ROI method for selection of ROI, as well as to a reference hybrid method that
implements contrast-enhanced MDCT images to differentiate cortical and medullary
compartments. We observed that this new method provided reliable estimation of the
medullary R2* response to drug challenge, as those were in close agreement with the
reference method. Importantly, the compartmental method showed smaller variability than
the conventional manual ROI method.

Accurate differentiation of the renal cortex and medulla is necessary to estimate basal R2*
values as well as the response to drug administration. Because using contrast-enhanced
MDCT can improve the accuracy of ROI definition, we used CT-defined ROI’s as the
reference to extract cortical and medullary R2* values (“hybrid” method). Although the
medullary response to inhibition of solute transport with furosemide estimated by the
compartmental method was in close agreement with the hybrid method, the absolute
medullary values tended to be slightly higher (Table 1). Possibly, underestimation of low
R2* values, the part of the distribution curve that partly overlaps with cortical R2*, resulted
in elevation of the estimated mean values. This assumption is consistent with the slight (but
not significant) volume underestimation by compartmental method. The small R2*
overestimations were relatively close in pre- and post-furosemide values and canceled out to
a large extent in calculation of R2* response.

Conversely, the manual ROI method tended to underestimate absolute medullary R2* values
and overestimate the drug response, probably because of mis-registration of pre- and post-
intervention ROIs. The same medullary ROIs selected on baseline images were transferred
to the post-furosemide images, yet the kidney may expand under the influence of the diuretic
drug, leading to volume averaging with other compartments (e.g. renal pelvis or cortex). The
volume averaging with the cortex has a very small impact, since after furosemide
administration the R2* of cortex and medulla are relatively close. However, because of the

large difference between the R2* values of urine in the calyces ( ) and medulla,
even a small volume-averaging effect would result in large underestimation, especially in
post furosemide R2*, which was therefore not canceled during response calculation. The
compartmental method is relatively insensitive to this error since in the R2* histogram the
population that represents urine is located on the left side of the spectrum (low values)
remote from the medullary population. Furthermore, the populations are extracted
independently on the baseline and the post-challenge images.

The compartmental method was also insensitive to the ASA artifact because the elevated
values of cortex were localized to the far right of the spectrum and had no influence on the
cortex Gaussian curves. Heavily influenced regions were filtered out by the choice of the
spectrum window (0-60 s−1). However, the manual ASA exclusion in the compartmental
method was still useful to minimize overlap with the hypoxic medullary region on the
spectrum.

This approach on patients’ data yielded comparable results to the animal study. In the cortex
all three methods estimated similar values for R2*, when ASA affected areas were excluded.
In the medulla manual ROI overestimated the drug response, and both the manual ROI and
compartmental methods showed significantly larger variations than in the animal studies.
This was partly consequent to higher R2* values in human than pigs, which adjusted the
variations and biases to a higher scale, and partly due to lower accuracy in the MDCT and
MRI co-registration in humans, who were subject to greater motion and respiration artifacts
than the anesthetized and ventilated animals. The smaller difference in R2* values between
the swine cortex and medulla also composes a greater challenge for ROI selection, yet our
compartmental model provided robust differentiation of R2* distribution patterns in this
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species. CT images, as used in the hybrid method, are usually unavailable, and their co-
registration to MRI is time consuming and requires skill.

In the conventional manual method with small ROIs, although the mean R2* values
remained close to the other methods, the variability from the reference method increased up
to 3-fold compared to the compartmental method, possibly because R2* values calculated
using this method are more subjected to temporal and spatial fluctuations of oxygen level
than values calculated using large ROIs.

In our hands, the conventional method is more time consuming than the compartmental
method by approximately 3-4 folds, partly because of the larger number of steps it requires.
For example, pre to post-drug co-registration which is necessary in the conventional method,
is not required in the compartmental method, since the pre and post-intervention images are
analyzed independently. Also, in the conventional method medullary and cortical regions are
traced by separate ROIs, whereas in the compartmental method the entire kidney is marked
with a single ROI.

The compartmental method, due to its statistical nature, has some intrinsic limitations.
Smoothness of the histogram curve depends on the amount of data available, and when
limited, precision or accuracy might be compromised. Inaccurate estimation of absolute R2*
may occur when the method is not able to statistically differentiate the relatively highly
oxygenated medullary regions from cortex, or in severely diseased kidney (e.g. stage 5
chronic kidney disease). A similar issue affected the volumes estimated using this method as
well. This study also revealed that, although to a smaller extent than the manual ROI
method, the compartmental method may potentially be sensitive to ASA if not manually
removed as conventionally done.

In summary, this study introduced a new compartmental-method, which yields mean R2*
values comparable to those derived from the manual ROI and hybrid method. Furthermore,
it was found to be reliable and estimated mean BOLD response in the kidney and
reproducibly than the conventional manual ROI method. In addition to mean R2* values, the
method provides distribution curves in the cortex and medulla and thereby affords
assessment of R2* distribution patterns within these compartments. Since the compartmental
method does not require manual compartments delineation, it is less laborious and operator-
dependent compared to many other current methods, and limits the need for ROI registration
between interventions. Some other advantages of this method such as excluding the artifacts
with extreme R2* values, makes it a robust and useful tool to analyze kidney BOLD MRI
images. Future studies are needed to test this approach under different conditions and in
additional models.
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Figure 1.
ROI selection in the 4 methods studied. The small ROIs (a) and large ROIs (b) T2, the
hybrid (c), and the compartmental (d) methods. In the hybrid method ROIs were selected to
exclude potential overlap within the compartments to minimize volume averaging.
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Figure 2.
A contrast-enhanced MDCT image (a), a corresponding MRI parametric R2* map (b), and
the resultant histogram showing the best fitted cortical and medullary curves (c). Region (1)
shows the low R2* components, such as urine, and (2) shows high R2* components, such as
highly hypoxic regions. The high R2* region in the vicinity of a low R2* regions on the
parametric map is prone to mis-registration, while on the histogram the two regions are
mapped to the two extreme ends of spectrum and have no mutual effect.
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Figure 3.
Examples of coronal and axial images constructed for the reference “hybrid” method of
BOLD MR analysis. MDCT (a,d) and MR (c,f) images were co-registered (b,e) based on
anatomical landmarks. Contrast agent aided MDCT images were used to select ROIs in the
hybrid method. The quality of co-registration has been demonstrated with point-to-point
verification of the edge of the kidney (+), medullary regions (o), and landmarks (x).
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Figure 4.
Representative cortical and medullary curves obtained before and after furosemide
administration. Cortical curve shifted slightly left towards lower R2* values post-furosemide
(ΔR2*), while the medullary curve showed both a shift and a change in the distribution
pattern.
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Figure 5.
Altman-Bland graphs comparing the bias and variation of R2* derived from the
compartmental (blank squares) and T2 (solid triangles) methods to the reference hybrid
method. The biases in both methods were small, but the compartment method showed less
variability (higher reproducibility).
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Figure 6.
R2* values in the pig medulla (top) and cortex (bottom) calculated using the compartmental
and small and large-ROI T2 methods before and after furosemide, as well as the response
intervention. Estimated cortical and medullary R2* values are close, but the compartmental
method shows smaller variations in medullary values than the T2 method.

Ebrahimi et al. Page 16

Invest Radiol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
The variation of R2* values calculated from coronal and axial images of the same pig
kidneys. The biases in both methods were small. However, the variation was larger in the T2
than in the compartmental method and in the medulla (a) than in the cortex (b).
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Figure 8.
R2* values in the human medulla (top) and cortex (bottom) calculated using the
compartmental and T2 methods before and after furosemide, and the response to
intervention, compared to the hybrid method. Estimated cortical R2* values are similar,
while the T2 method overestimated the medullary response. The compartmental method
shows considerably smaller variations than the T2 method in both the cortex and medulla.
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