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To test the hypothesis that fractional kidney hypoxia,
measured by using blood oxygen level-dependent (BOLD)
magnetic resonance (MR) imaging, correlates with renal
blood flow (RBF), tissue perfusion, and glomerular fil-
tration rate (GFR) in patients with atherosclerotic renal
artery stenosis (RAS) better than regionally selected re-
gion of interest—based methods.

The study was approved by the institutional review board
according to a HIPAA-compliant protocol, with written
informed consent. BOLD MR imaging was performed in
40 patients with atherosclerotic RAS (age range, 51-83
years; 22 men, 18 women) and 32 patients with essen-
tial hypertension (EH) (age range, 26-85 years; 19 men,
13 women) during sodium intake and renin-angiotensin
blockade. Fractional kidney hypoxia (percentage of entire
axial image section with R2* above 30 sec™!) and conven-
tional regional estimates of cortical and medullary R2*
levels were measured. Stenotic and nonstenotic contralat-
eral kidneys were compared for volume, tissue perfusion,
and blood flow measured with multidetector computed to-
mography. Statistical analysis was performed (paired and
nonpaired t tests, linear regression analysis).

Stenotic RBF was reduced compared with RBF of contra-
lateral kidneys (225.2 mL/min vs 348 mL/min, P = .0003).
Medullary perfusion in atherosclerotic RAS patients was
lower than in EH patients (1.07 mL/min per milliliter of
tissue vs 1.3 mL/min per milliliter of tissue, P = .009).
While observer-selected cortical R2* (18.9 sec™! [steno-
sis] vs 18.5 sec™! [EH], P = .07) did not differ, fractional
kidney hypoxia was higher in stenotic kidneys compared
with kidneys with EH (17.4% vs 9.6%, P < .0001) and
contralateral kidneys (7.2%, P < .0001). Fractional hyp-
oxia correlated inversely with blood flow (r = —0.34), per-
fusion (r = —0.3), and GFR (r = —0.32).

Fractional tissue hypoxia rather than cortical or medul-
lary R2* values used to assess renal BOLD MR imaging
demonstrated a direct relationship to chronically reduced
blood flow and GFR.

©RSNA, 2013
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eveloping functional imaging

tools to evaluate the renal cir-

culation has been daunting. The
kidney normally is highly perfused,
exhibits the highest rate of blood flow
per weight, and has the smallest ar-
teriovenous differences in oxygen sat-
uration of any organ, consistent with
limited overall net oxygen consumption
(1,2). By these criteria, the kidney is
abundantly oxygenated, as compared
with other organs. An equally striking
feature, however, is the nonuniformity
of tissue oxygenation within the kid-
ney. Under normal conditions, a large
corticomedullary oxygen gradient de-
velops within the renal parenchyma as
a result of the substantial differences
in both blood supply and oxygen con-
sumption between the renal cortex and
medulla (3,4).

Atherosclerotic renal artery ste-
nosis (RAS) is common and often re-
duces perfusion pressure and blood
flow to the affected kidney. The de-
gree to which reduced blood flow to
cortical or medullary segments in hu-
mans leads to a reduction in tissue

Advances in Knowledge

B Tissue oxygenation in the kidney
beyond a renal artery stenotic
lesion was measured using “frac-
tional tissue hypoxia,” defined as
the percentage of R2* values
above 30 sec™! on axial sections
rather than selected cortical and
medullary sites.

B Renal hypoxia using fractional
tissue hypoxia aided identifica-
tion of whole-kidney hypoxia as-
sociated with reduced blood flow
(17.4% = 11.8 [standard devia-
tion] in stenotic kidneys vs 9.6%
* 6.4 in kidneys with essential
hypertension, P < .0001),
whereas local cortical and medul-
lary R2* values did not.

B Values from this method of blood
oxygen level-dependent MR
analysis correlated inversely with
renal blood flow, tissue perfu-
sion, and glomerular filtration
rate (r= —0.34, —0.3, and
—0.32, respectively).

oxygenation and/or increased overall
oxygen consumption is not well un-
derstood, despite the convention of
labeling this disorder ischemic ne-
phropathy (5,6). Blood oxygen level-
dependent (BOLD) magnetic reso-
nance (MR) imaging can provide a
means to monitor changes in intra-
renal oxygenation in a noninvasive
fashion (7). BOLD MR can depict
changes in kidney oxygen consump-
tion secondary to physiologic and
pathophysiologic challenges without
exposure to radiation or intravascular
contrast agents. BOLD MR-derived
assessment of renal oxygenation usu-
ally has been expressed by measure-
ment of the relaxivity (R2*) of water
protons within the kidney.

R2* describes the rate at which the
phase coherence of magnetization in
the transverse plane is lost following an
initial radiofrequency pulse and is the
inverse of the characteristic relaxation
time T2*. In initial clinical studies (8-
10), researchers established the con-
vention of defining cortical and medul-
lary R2* levels separately.

Despite the appeal of applying
BOLD MR imaging to real-time eval-
uation of tissue oxygenation in human
subjects, interpretation of BOLD MR
data related to disease processes has
been challenging. Investigators in few
studies address directly how to most
appropriately define and register tis-
sue volumes and how to express the
level of oxygenation in quantitative
terms. Most often, images are sam-
pled within a 5-8-mm-thick axial, sag-
ittal, or coronal section. On the basis
of the T2*-weighted images available,
regions of interest (ROIs) within the

Implications for Patient Care

B The method introduced in this
study may assist radiologists and
clinicians to quantify the degree
of tissue hypoxia associated with
vascular occlusive disease in the
kidney.

B The method may help identify
patients for whom renal revascu-
larization has the potential to
reverse tissue hypoxia.

cortex and medulla are defined and a
single average R2* value for each re-
gion is determined, either from a sin-
gle section or as the average of several
samples and/or sections (9-13). All of
these methods reflect a propensity to
assign a single “best” or “mean” value
for R2* that reflects either cortex or
medulla. However, this paradigm may
be overly simplistic for some applica-
tions, particularly within the medulla.
The levels of R2* wvary gradually
along a gradient from the cortex to
the medulla, finally reaching a “most
hypoxic” zone, usually in the deepest
sections of medullary pyramids (14).
Hence, the precision and reproduc-
ibility of R2* values will be affected
by the size and location of the ROI.
Larger ROIs that include the entire
medullary compartments may provide
more representative and less variable
mean values but often include multi-
ple medullary and corticomedullary
overlap zones with different hemody-
namics (15). Small, selective ROls are
less vulnerable to volume averaging
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but may be skewed by fluctuations
caused by spatial and temporal het-
erogeneity in oxygen distribution
within the kidney, particularly in the
medulla (14). The overall aim of this
study was to assess a different ana-
lytic method with use of BOLD MR
imaging to evaluate “fractional kid-
ney hypoxia” that does not require
selection of localized individual ROIs
within each region or the assumption
of a single R2* level over the entire
medullary gradient. We sought to test
the hypothesis that fractional kidney
hypoxia, as determined with BOLD
MR imaging, correlates with renal
blood flow (RBF), tissue perfusion,
and glomerular filtration rate (GFR)
in patients with atherosclerotic RAS
better than regionally selected ROI-
based methods.

Materials and Methods

Patients

This prospective study was approved
by the institutional review board uti-
lizing a Health Insurance Portability
and Accountability Act-compliant pro-
tocol. Informed, written consent was
obtained. Patients identified with es-
sential hypertension (EH) (n = 32, 19
men and 13 women; age range, 26-85
years) and atherosclerotic RAS (n =
40, 22 men and 18 women; age range,
51-83 years) from January 2008 to
August 2012 participated in this study
during a 3-day inpatient protocol in
the clinical research unit, as previously
described (13). Dietary intake was
regulated at 150 mEq of sodium per
day, with an isocaloric diet prepared
on site. Patients with qualifying RAS
with cross-sectional luminal occlusion
of at least 60% were identified by us-
ing criteria similar to those stipulated
for recruitment in the Cardiovascular
Outcomes in Renal Atherosclerotic Le-
sions Trial (16). Severity of RAS was
estimated by using Doppler ultrasono-
graphic measurements in the affected
artery and quantitative vascular imag-
ing by using computed tomographic
(CT) images. In the RAS group, two
extremely atrophic kidneys were

excluded. Three additional kidneys in
the RAS group (contralateral kidneys)
were removed from the BOLD MR
analysis because of imaging artifacts
due to air-filled colon loops or mo-
tion and respiratory artifacts, leaving
75 kidneys (RAS) available for BOLD
MR analysis. In four cases, high grade-
stenoses (more than 60% lumen oc-
clusion) were present in both kidneys,
leaving 44 stenotic and 31 contralat-
eral kidneys. In the EH group, two
kidneys were excluded, one because of
multiple cysts and the other because
of increased susceptibility artifacts,
leaving 62 kidneys (EH) available for
BOLD MR analysis. Patients continued
previous medications, and all received
agents blocking the renin-angiotensin
system  (angiotensin-converting en-
zyme inhibitors or angiotensin-recep-
tor blockers).

The 1st day of the study included
measurement of sodium excretion and
of GFR by using iothalamate clear-
ance (iothalamate meglumine, Conray;
Mallinckrodt, St Louis, Mo) (17,18).
Single-kidney GFR was determined by
apportioning the measured iothalamate
clearance by using percentage of blood
flow for each kidney.

MR Imaging and BOLD Methods

On the 2nd day, BOLD MR imaging
examinations were performed with a
3.0-T system (Twin Speed Signa Ex-
cite; GE Medical Systems, Wauke-
sha, Wis) by using a 12-channel torso
phased-array coil (15). Three-plane
single-shot fast spin-echo localizer
sequences were performed during
suspended respiration followed by ac-
quisition of additional scout images
(single-shot fast spin-echo images)
oriented parallel to the long axis of
each kidney. These long-axis scout
images were then used to prescribe
transverse BOLD MR images in a plane
orthogonal to the long axis. BOLD MR
imaging consisted of a two-dimension-
al fast spoiled gradient-echo sequence
with multiple echo times. Twelve ech-
oes were obtained for each section lo-
cation, with echo times ranging from
2.5 to 50.0 msec. Imaging parameters
for the BOLD MR acquisition included

the following: repetition time, 140
msec; flip angle, 45°; section thick-
ness, 5 mm; imaging matrix, 224 X
160 to 192; and field of view, 32 to
40 cm, with a 0.7-1.0 partial-phase
field of view. Image matrix and repe-
tition time were adjusted in patients
with limited breath-hold capacity, and
the field of view and partial field of
view were adjusted according to pa-
tient size. BOLD MR images were
prescribed transverse to the long axis
of the kidney by using the long-axis
localizer images and were acquired
during suspended respiration through
the midpole hilar region of each kid-
ney. Parametric images of R2* were
then generated by fitting signal inten-
sity-versus—echo time data to an ex-
ponential function on a voxel-by-voxel
basis and solving for R2* (19). After
the first BOLD MR acquisition, 20 mg
of furosemide (Lasix; Sanofi-Aventis,
Bridgewater, NJ) was administered
intravenously and flushed with 20 mL
of saline. BOLD MR measurements
for each kidney were repeated 15
minutes later. Gadolinium-enhanced
MR angiograms were obtained after
BOLD MR imaging to confirm the
presence or absence of large-vessel
renal arterial disease.

MR Imaging Data Analysis

Analysis of BOLD MR data from ax-
ial images was performed by draw-
ing parenchymal ROIs on two to four
sections through the midpole hilar
region of each kidney on represen-
tative T2"-weighted images and then
transferring the ROls to the corre-
sponding R2* parametric image by
one author (J.C., a research associate
with 10 years of experience in BOLD
MR imaging analysis). Two ROls
were traced: In one, the renal cortex
(large segment) was selected, and in
the other, the entire kidney section,
including both cortex and medulla
while excluding the renal collecting
system and any incidental renal cysts
(Fig 1), was selected. For compara-
tive analysis using the “conventional
method” (observer-selected ROIs for
cortical and medullary regions), indi-
vidual anterior, lateral, and posterior
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Figure 1

a.
Figure 1:

b.
Methods for ROI selection on axial images. (a) T2-weighted image shows observer-selected ROIs (7—7) for multiple zones in cortex (ROIs 2, 4, and 6)

and medulla (ROIs 3, 5, and 7) conventionally applied for BOLD MR data measurement. (b) Image depicts determination of fractional tissue hypoxia by outlining of
the entire axial kidney section located within parenchyma. An additional ROI was placed to outline “wide segment” cortical area excluding the renal collecting system,
incidental cysts, and the hilar vessels. ROIs = 7 and 2 (also on ¢). (c) R2* parametric map for the selected axial section, reflecting widely variable R2* levels and
deoxyhemoglobin at different sites within the kidney, particularly in medullary zones.

ROIs of approximately 60 mm were
also traced in a different session in
the cortex and medulla manually on
the 7-msec echo time image or any
other T2"-weighted image, yielding
optimal contrast between cortex and
medulla and then were copied to the
parametric R2* image to determine
average values of R2* within the ROI
by another author (A.S. with 1 year
of experience) (15). Four transverse
axial sections were obtained that in-
cluded the renal hilum. Special care
was taken to ensure that each ROI was
within identifiable deep medullary and
cortical sections that remained within
the segment at repeat imaging after
furosemide administration. The mean
values of R2* were calculated for
three cortical ROIs and three medul-
lary ROIs (15). BOLD MR data were
processed by using software (Matlab
7.10; MathWorks, Natick, Mass). The
fractional tissue hypoxia was deter-
mined by measuring the percentage
of voxels from the whole-kidney ROI
with R2* values above 30 sec™!, tak-
ing the average of all available sec-
tions. Researchers in previous studies
indicate that this value is well above
the 95% confidence interval for R2*
levels obtained in cortical (nonhypox-
ic) areas in subjects with either EH
or nonischemic renovascular disease

(20). The change in R2* after furo-
semide administration was defined
as the difference between values ob-
tained before and values obtained af-
ter furosemide administration.

Multidetector CT

On the 3rd day, RBF, regional perfusion,
and cortical and medullary volumes
were measured by using multidetector
CT (21,22) (Appendix E1 [online]).

Statistical Analysis

Results were expressed by using mean
values and standard deviations. Com-
parisons between EH and atheroscle-
rotic RAS groups were performed by
using analysis of variance, as appro-
priate. Comparisons between stenotic
and contralateral kidneys within the
same individuals were performed by
using paired and nonpaired t tests, as
appropriate.

Interobserver variability was eval-
uated by using the Bland and Altman
method, which defined bias and varia-
tion by calculating the mean difference
between the observers, the standard
deviation of the differences, and the
95% limits of agreement (23).

The R2* values were estimated
in different sessions by the two in-
dependent operators (J.C. and H.F.,
a research associate with 2 years

of experience in BOLD MR imaging
analysis) for every kidney in a group
of 12 randomly selected patients
from the EH and RAS groups. Re-
sults are reported as bias (the mean
of differences) * interobserver varia-
tion (the standard deviation of AR2*
distribution). The paired t test be-
tween the two operators’ values was
also calculated. Intraobserver variabil-
ity was measured by calculating the
AR2*, which is the difference in R2*
values for every kidney in the group
tested, estimated by the same opera-
tor in two separate analyses. The var-
iability among the axial sections was
assessed by the coefficient of variation.
The coefficient of variation (as a per-
centage) was calculated from the ratio
of the standard deviation and mean.
Linear regression analysis was used to
determine correlations between basal
fractional hypoxia and RBF, tissue per-
fusion, and GFR.

Demographic Comparison hetween
Atherosclerotic RAS Patients and EH
Patients

Complete demographic data were avail-
able for 40 patients in the atheroscle-
rotic RAS group and 32 patients from

Radiology: \/olume 268: Number 3—September 2013 = radiology.rsna.org
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Table 1

Demographics and Clinical Features

Atherosclerotic RAS
Characteristic EH Patients (n = 32) Patients (n = 40) P Value
Sex
Men 19 22
Women 13 18
Age (y) 63.1 = 16.3 68.3 + 8.5 .04
Age range (y) 26-85 51-83
Male age (y) 64 =17 67.8 =94 16
Female age (y) 62.2 = 15.8 689 + 7.6 .07
Serum creatinine level (mg/dL)* 0.96 = 0.26 13+04 <.00001
ACE inhibitors or ARBs administered
No. yes 31 40
No. no 1 0
Statins administered .07
No. yes 16 27
No. no 16 13
No. of antihypertensive drugs 29+12 2814 4
Blood pressure (mmHg)
Systolic 135+ 19 139 =19 2
Diastolic 71 £12 68 9 15
Weight (kg) 78.3 + 15.6 80 = 17 .33
Body mass index (kg/m?) 273+ 43 27.7+39 .37
Serum glucose level (mg/dL)t 98.5 =13 107 =15 .08
Total serum cholesterol level (mg/dL)* 182 = 30 175.3 = 33.5 2
Serum tryglycerides (mg/dL)$ 130.6 + 58 154 + 84 .09
Serum high-density lipoprotein level (mg/dL)* 523 +12 50.4 + 20 3
Serum low-density lipoprotein (mg/dL)* 103 =23 94 + 28 .07

Note.—Data are means = standard deviations, except where otherwise indicated. ACE = angiotensin-converting enzyme, ARB

= angiotensin-receptor blockers.

*To convert to Systeme International units in micromoles per liter, multiply by 88.4.

*To convert to Systéme International units in millimoles per liter, multiply by 0.0555.
*To convert to Systéme International units in millimoles per liter, multiply by 0.0259.
$To convert to Systéme International units in millimoles per liter, multiply by 0.0113.

the EH group. Patient age and serum
creatinine level were higher in the ath-
erosclerotic RAS group than in the EH
group (Table 1). The relative proportion
of male to female patients, age, body
mass index, and biochemical values did
not differ between groups.

Renal Blood Flow

The total volume of the kidneys beyond
the stenosis on multidetector CT images
was reduced, primarily because of re-
duction in cortical volume, as compared
with contralateral kidneys (P < .0001)
and kidneys with EH (P = .02) (Table 2).
Both cortical and medullary perfusion
(in milliliters per minute per milliliter
of tissue volume) were reduced in the

stenotic kidneys compared with kidneys
in EH subjects (P < .0001). Cortical
perfusion was reduced in stenotic kid-
neys compared with contralateral kid-
neys (P =.02). Whole-kidney blood flow
was reduced in the stenotic kidneys, as
compared with both contralateral kid-
neys and kidneys with EH. Single-kid-
ney GFR (milliliters per minute per kid-
ney) in stenotic kidneys was lower than
the GFR in either contralateral kidneys
or kidneys with EH.

Fractional Kidney Hypoxia and ROI-
determined Medullary R2*

With use of the conventional method
(observer selected ROIs for cortical
and medullary regions), medullary

R2* levels at baseline and after fu-
rosemide administration were higher
than cortical values for all subjects,
although they did not differ between
atherosclerotic RAS and EH subjects
(Table 3). In contrast, basal fractional
hypoxia levels and levels after furose-
mide administration were higher in
stenotic kidneys than in either con-
tralateral kidneys or kidneys with EH
(Fig 2). Both medullary R2* and frac-
tional tissue hypoxia decreased after
furosemide administration. The mag-
nitude of furosemide-induced changes
(difference between values before and
after furosemide administration com-
bined divided by values before furo-
semide administration) in the ROI-de-
termined medullary R2* did not differ
measurably between stenotic kidneys,
as compared with contralateral kid-
neys and kidneys with EH (15%, 18%,
and 20%, respectively). In contrast,
the furosemide-induced changes in
fractional hypoxia were blunted in
the stenotic kidneys (32%), as com-
pared with the contralateral kid-
neys and kidneys with EH (53% and
60%, respectively [P = .001 for ste-
notic vs contralateral kidneys and P =
.0002 for stenotic kidneys vs kidneys
with EH]).

Fractional kidney hypoxia (base-
line) for all kidneys correlated inversely
with RBF (r = —0.34), tissue perfusion
(r = —0.3), and GFR (r = —0.32). The
medullary and cortical R2* determined
by using the small-ROI technique at
baseline did not show this correlation
(Figs 3, E1 [online|, E2 [online]).

Examples of R2* parametric maps
and fractional hypoxia in kidneys with
EH and stenotic kidneys are illustrated
in (Figs 4, E3 [online]). Cortical and
medullary levels did not differ between
the patients in Figure 4 (22 vs 22.4 sec™!
and 32 vs 32.6 sec™!, respectively), de-
spite that fractional hypoxia was greater
in the kidney with atherosclerotic RAS,
as compared with the kidney with EH
(28.5%, as compared with 11.3%).

Figure E3 (online) depicts four sec-
tions from a single kidney at baseline
that highlight the variability in cortical
R2* and fractional hypoxia. Estimates
for fractional hypoxia among the four
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Table 2

Multidetector CT Measurements of Individual Kidney Volume, Tissue Perfusion, Blood Flow, and Filtration

Atherosclerotic RAS
P Value, EH vs Contralateral Kidneys P Value, Stenotic vs

Measurement EH (n = 64) Stenotic Kidneys (n = 44) Stenotic Kidneys (n=34) Contralateral Kidneys
Total kidney volume (cm?) 138.7 + 36.6 106.2 = 42.7 .02 151.7 = 47.8 < .0001

Cortical volume 925 + 22 67.5 = 30.5 .017 99.6 = 37 < .0001

Medullary volume 48.5 = 14.7 39 £17.5 .04 52 +23.3 .0004
Renal tissue perfusion (mL/min per cm? of tissue)

Cortex 35=+1 25+0.8 <.0001 2.9 +0.79 .02

Medulla 1.3 +0.48 1.07 =04 .009 1.13 =03 .25
Total RBF (mL/min) 390 + 153 2252 =135 <.0001 348 + 154 .0003

Cortical flow 325.5 =137 180 = 110 <.0001 290.3 =137 .0001

Medullary flow 62.4 = 23.5 45 + 33 .001 58.12 = 35 .08
Single-kidney GFR (mL/min per kidney) 447 =12 27.7 =145 <.0001 424 =17 <.0001

Note.—Data are means + standard deviations. Multidetector CT data were obtained in 78 kidneys from patients with atherosclerotic RAS. In four cases, high-grade stenoses (more than 60% lumen

occlusion) were present in both kidneys.

axial sections varied as follows: 31%,
19%, 15%, and 41%. The coefficient of
variation for fractional tissue hypoxia
was 40%. Cortical values for R2* were
highly reproducible; the coefficient of
variation was less than 7%.
Intraobserver variability was mea-
sured in a group of 12 patients, and the
average differences in basal mean cortical
R2* and fractional hypoxia between two
separate analyses were small (0.4 and
0.7, respectively; P = .2), implying good
agreement between the two analyses.
Interobserver variability was assessed
by using the Bland-Altman method in a
group of 12 patients identified with small
average differences (bias) in mean basal
cortical R2* and fractional hypoxia values
(0.1 and 0.5, respectively; P = .45) and
minor variations between the two inde-
pendent operators (0.7 and 1.35) (Table 4;
Fig E4 [online|; Appendix E1 [online]).

Our results demonstrate practical
advantages of the estimation of frac-
tional tissue hypoxia for assessment
of renal BOLD MR data. This method
increased sensitivity to identify re-
duced tissue oxygenation for human
subjects as a result of reduced RBF
from atherosclerotic renovascular
disease. This analytic method for
BOLD MR imaging with the use of

BOLD MR for EH and Atherosclerotic RAS Kidneys in Relation to Furosemide
Administration by Using Fractional Tissue Hypoxia and Observer-selected ROI

Measurements
Atherosclerotic Atherosclerotic
Kidneys with  RAS, Stenotic RAS, Contralateral
Measurement EH (n=62) Kidneys (n=44) PValue* Kidneys (n=31) PValuef
Fractional hypoxia
(% R2* > 30 sec™")

Before furosemide administration 9.6 = 6.4* 17.4 + 11.8¢  <.001 7.6 = 4.2* <.0001

After furosemide administration 38+3 11.8 =111 <.0001 3.6=*28 <.0001
Cortex R2* (sec "), wide segment

Before furosemide administration 18.5 + 2.3* 20.5 + 3.6% .0007 17.6 = 1.7% <.0001

After furosemide administration  16.7 1.8 19.1 = 3.6 <.0001 16.4 =21 .0004
Cortex R2* (sec~"), small ROI

Before furosemide administration 18.5 + 2.6+ 18.9 + 3.6 07 17627 .07

After furosemide administration  17.7 £ 2.6 18.7 = 4.4 .08 17 £ 25 .6
Medulla R2* (sec~"), small ROI

Before furosemide administration 37.2 = 6.3* 33.9 + 7.9 .01 369 =*87* .06

After furosemide administration  29.6 + 6.8 28.8 +7.2 3 30.1 = 6.6 7

Note.—Data are means = standard deviations.
* EH versus atherosclerotic RAS (stenotic kidneys).
T Stenotic kidneys versus contralateral kidneys.

* P < .0001 for before furosemide administration versus after furosemide administration.

whole-kidney sections allowed reduc-
tion of the operator dependence for
selection of small ROIs and avoidance
of the depiction of medullary R2* as
a homogeneous zone. By using this
method, we identified similar levels
of cortical oxygenation and compared

them with levels obtained with small
ROI methods but were able to detect
larger differences of medullary ox-
ygenation in the kidneys beyond the
stenosis, both as compared with non-
stenotic contralateral kidneys and kid-
neys from EH subjects.
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Figure 3:  (a) Graph shows relationship between fractional kidney hypoxia (basal) of all kidneys and RBF

(r=—0.34). (b) Graph shows relationship between fractional kidney hypoxia (basal) of all kidneys and
single-kidney GFR (in milliliters per minute per kidney) (r= —0.32).

Figure 4

L
a

] b.

Figure 4:  R2* parametric maps in 61-year-old man with EH (a) and 74-year-old man with atherosclerotic RAS (b)
obtained by using the same color scale for R2*. Cortical R2* (ROIs 2, 4, and 6) and medullary R2* (ROIs 3, 5, and
7) obtained by using the observer-selected ROIs were similar in both kidneys (mean for EH cortex was 22 sec™" vs
22.4 sec! for atherosclerotic RAS and mean for medulla was 32 sec™" vs 32.6 sec™", respectively); however, the
fractional hypoxia in atherosclerotic RAS was far greater than that in EH (28.5% vs 11.3%). ROls = 7-7.

Table 4

Cortical R2* and Fractional Hypoxia
Interobserver Bias and Variations in
12 Patients

After Furosemide
Measurement Baseline  Administration
Cortical R2* 01 +0.7 06*+09

Hypoxia >30% 05=*=15 0.1x2

Note.—Data are bias (the mean of differences) =
interobserver variation (standard deviations of AR2*
distribution).

Fractional kidney hypoxia was higher
in stenotic kidneys than in contralateral
kidneys or kidneys from patients with
EH. Rather than assigning single values
for R2* that vary over a wide gradient,
this method utilized analytic software
to provide an estimate of whole-section
hypoxia that correlated inversely with
RBF and perfusion in stenotic kidneys.
Our results extend the observations of
Warner et al (24), demonstrating that
graded acute RAS is associated with
decreased medullary Po, measured by
using electrodes in a swine model. Dif-
ferences in renal hypoxia with use of
data obtained from conventional small
ROIs were less apparent and were not
identifiable as a function of severity of
vascular stenosis. With small ROIs, we
failed to reliably differentiate kidneys
with reduced perfusion.

It should be emphasized that there
is no standard widely accepted method
for analyzing renal BOLD MR data. By
convention, ROIs are placed over local
regions of cortex and medulla, as de-
fined by the T2*-weighted images, and
then are transferred to the parametric
images for measurement of cortical and
medullary R2* (9,25). These ROIs vary
in size and almost certainly lead to vol-
ume averaging and potential overlap be-
tween cortex and medulla included in the
same ROI, which could lead to under-
estimation of R2* values in the medulla
or overestimation of cortical R2* values
(9,10,15). Ebrahimi et al (26) showed
that the R2* population in cortex and
medulla can be modeled to follow two
distinct distributions. With use of this
assumption, these authors separated
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the R2* values into two renal compart-
ments by fitting the histogram of the R2*
data acquired from a single large ROI
encompassing both cortex and medulla
to the corresponding distribution func-
tions. This method also assumes a single
numerical value for R2* in the medulla,
despite its wide heterogeneity.

In a recent publication, Michaely et al
(27) could not identify an evident correla-
tion between R2* (defined by ROI selec-
tion) values and renal function in patients
with different stages of chronic kidney
disease as defined by estimated GFR in
a large cohort with a variety of kidney
disease. For these studies, BOLD imag-
ing was added to MR studies undertaken
for a broad range of indications without
regard to sodium intake, medications (in-
cluding those that alter oxygen delivery
and/or consumption, such as angioten-
sin-converting enzyme inhibitors, angio-
tensin-receptor blockers, or diuretics),
or the specific cause of the underlying
kidney disease. The authors concluded
that gross measures of cortical and med-
ullary oxygenation do not depend directly
on the level of estimated GFR. Our stud-
ies were limited specifically to nondia-
betic subjects with large-vessel occlusive
disease and hypertension examined un-
der the conditions of fixed sodium intake
and standardized medication regimens
without other identified causes of kidney
disease. In our cohort, reduction in corti-
cal perfusion, blood flow, and GFR were,
in fact, generally related to the fractional
tissue level of hypoxia, although not di-
rectly related to localized measures of
R2* in cortex or medulla.

We included administration of furo-
semide as part of BOLD MR imaging to
evaluate the role of tubular solute trans-
port in determining tissue oxygenation.
The response to furosemide in medullary
R2* and fractional hypoxia in the stenotic
kidneys was blunted, compared with the
contralateral kidneys and kidneys with
EH, although this result was more evi-
dent with the reduction in fractional hyp-
oxia. We interpret these data to suggest
that oxygen consumption in the stenotic
kidneys was reduced as a function of re-
duced solute filtration and transport be-
cause of the decrease in GFR and RBF
observed in stenotic kidneys compared

with either contralateral kidneys or kid-
neys with EH. These observations extend
the results of Gomez et al (28), who re-
ported reduced furosemide-suppressible
oxygen consumption in the kidneys be-
yond the stenosis with reduced GFR in a
swine model.

In this study, we further compared
BOLD MR images obtained from mul-
tiple axial sections from the same kid-
neys. We analyzed the variability in
cortical R2* and fractional hypoxia in
two to four sections both at baseline
and after furosemide administration.
Estimates for fractional hypoxia among
the axial sections varied considerably,
although cortical values did not. We be-
lieve this level of variability reflects true
differences between functional zones
with different deep medullary represen-
tation, particularly in diseased kidneys.

This study had limitations. Our
control group comprised EH subjects,
rather than truly healthy individuals.
The EH group did include some healthy
individuals with normal kidney hemo-
dynamics and function. Individuals
with RAS were somewhat older and
had a lower GFR, although most had
relatively preserved function because
of the protocol requirement for serum
creatinine level below 1.7 mg/dL (150.3
pmol/L). Our choice of 30 sec™! to be
the threshold of hypoxia was arbitrary
and was based on data in previous stud-
ies (8,20) using 3-T MR. It is likely that
this number will change with different
magnet strength and different diseases.

Taken together, our results support
an approach to analyzing BOLD MR
imaging on the basis of whole-section
measurements of levels of regional hyp-
oxia that does not require assuming two
populations of R2* in the cortex and
medulla. In summary, fractional kid-
ney hypoxia correlated inversely with
RBF, cortical and medullary perfusion,
and GFR under the conditions of our
study in human subjects with EH and
atherosclerotic renovascular disease.
Whether these estimates will allow the
clinician to quantify the severity of vas-
cular occlusive kidney disease and pre-
dict renal functional response (eg, af-
ter revascularization of atherosclerotic
RAS) merits further investigation.
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