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Abstract
Purpose—To examine whether the noninvasive technique of blood oxygenation level dependent
magnetic resonance imaging (BOLD MRI) can detect changes in renal medullary oxygenation
following administration of a nitric oxide (NO) synthase inhibitor, NG-nitro-L-arginine methyl
ester (L-NAME). Hypertension is associated with endothelial dysfunction and is characterized by
a lack of response to endothelial-dependent vasoactive substances, including nitric oxide synthase
inhibitors. We hypothesized that the magnitude of the change would be reduced in the kidneys of
hypertensive subjects relative to normal controls.

Materials and Methods—To test this hypothesis, data were obtained in spontaneously
hypertensive rats (SHR, n = 6). Wistar-Kyoto rats (WKY, n = 7) were used as normotensive
controls.

Results—As expected, WKY rats showed a significant response to L-NAME (R2* increasing
from 23.6±1.5 Hz to 32.5±2.2 Hz, P < 0.05), while SHR exhibited a minimal change in medullary
oxygenation (R2* measuring 31.9±2.8 Hz pre- and 35.5±2.2 Hz post-L-NAME). The baseline R2*
in SHR is found to be comparable to post-L-NAME values in WKY rats, suggesting a basal
deficiency of nitric oxide in SHR.

Conclusion—Based on the differential effect of NO synthase inhibition on medullary
oxygenation, BOLD MRI can distinguish hypertensive from normal kidney. Our results are
consistent with previously reported observations using invasive methods.
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THE KIDNEY IS BELIEVED TO PLAY A ROLE in the pathogenesis of essential
hypertension (1,2). In particular, reduced renal medullary blood flow is thought to be one of
the important factors in the development of the disease (3–8). Animal studies have shown
that medullary blood flow is decreased in hypertension and, more importantly, that reduced
medullary blood flow is sufficient to produce hypertension (9).

While significant advances have been made in understanding the causes of essential
hypertension through the use of such animal studies, it has proven difficult to extend the
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research to humans because of the lack of suitable monitoring techniques. In animals,
medullary blood flow is typically measured using invasive laser Doppler probes (1) and to
date there is no noninvasive alternative for use in humans.

The motivation behind the present work was to determine whether blood oxygen level
dependent magnetic resonance imaging (BOLD MRI) could provide such an alternative.
While BOLD MRI does not measure blood flow directly, a large body of evidence now
exists, derived primarily from functional MRI studies in the brain (10–12), suggesting a
strong correlation between BOLD measurements and blood flow.

The BOLD MRI technique exploits the fact that the magnetic properties of hemoglobin vary
depending on whether it is in the oxygenated or deoxygenated form. This affects the T2*
relaxation time of the neighboring water molecules and in turn influences the MRI signal on
T2*-weighted images. Because the ratio of oxyhemoglobin to deoxyhemoglobin is related to
the pO2 of blood, and since the pO2 of capillary blood is thought to be in equilibrium with
the surrounding tissue, changes estimated by BOLD MRI can be interpreted as changes in
tissue pO2 (13). Tissue pO2 is in turn correlated with blood flow since an increase in blood
flow, unless it is compensated by a corresponding increase in metabolic activity, will
oversupply the tissue with oxygen resulting in an increase in tissue pO2.

BOLD MRI has previously been used to monitor changes in intrarenal blood flow and
medullary oxygenation in both human (13) and animal (14) studies. In humans, attenuated
responses to waterload have been observed using BOLD MRI in elderly subjects (15),
diabetics (16), and in young healthy subjects pretreated with a prostaglandin inhibitor (15).
The technique has also been used in rats to monitor changes in renal oxygenation following
the administration of various pharmacologic agents that either increase (17) or decrease (14)
intrarenal blood flow.

The goal of our current work is to determine whether BOLD MRI can be used to detect
differences in medullary blood flow between hypertensive subjects and normotensive
controls. In this preliminary study, we made use of a nitric oxide synthase inhibitor, NG-
nitro-L-arginine methyl ester (L-NAME). Nitric oxide (NO) is a soluble gas that is
continuously synthesized by the endothelium (18) and has a wide range of biological
properties including relaxation of vascular tone. In healthy subjects, administration of L-
NAME blocks the synthesis of nitric oxide and results in a constriction of the vessels. There
is also a corresponding reduction in blood flow and an increase in blood pressure (6,8,19–
22). In hypertensive subjects, however, it is known that both NO production and basal NO
bioavailablity is reduced (23), due to either impaired synthesis or excessive oxidative
degradation (24). Administration of nitric oxide synthase inhibitors such as L-NAME,
therefore, should have little effect in such individuals.

The hypothesis of this study was that a response to L-NAME administration should be
detectable in normotensive subjects using BOLD-MRI, but that the response should be
diminished in hypertensive individuals. Because L-NAME has not yet been approved for
human use, the study was performed in spontaneously hypertensive rats (SHR), a commonly
used animal model of essential hypertension. SHR were originally derived from Wistar-
Kyoto (WKY) rats. They exhibit an upregulation of nitric oxide synthase (NOS) (25), an
enzyme present in endothelial cells that metabolizes L-arginine to produce NO. However,
due to excessive oxidative degradation, SHR actually have reduced bioavailability and
activity of NO (26,27). Inhibition of NO synthase, therefore, should have minimal effect on
their renal blood flow, a result that has been confirmed using invasive measurements
(5,6,8,19–22,28). It was our hypothesis that a reduced response to NOS inhibition should
also be detectable with BOLD MRI. In our experiments, we performed BOLD imaging in
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SHR before and after administration of L-NAME. We then compared the results with data
obtained in WKY rats used as normotensive controls.

MATERIALS AND METHODS
All imaging was performed on a 1.5T scanner (CV/i, General Electric Medical Systems,
Milwaukee, WI) using a multiple gradient recalled echo (mGRE) sequence (TR/TE/flip
angle/bandwidth = 70 msec/8–50.4 msec/20°/±62.5 kHz) to acquire 16 T2* weighted
images. The field of view was 13 cm, matrix size was 256×256, slice thickness was 3 mm,
and slice separation was 1 mm. Due to the small voxel size, the signal was averaged over
four repetitions (i.e., NEX=4). A standard quadrature extremity coil was used for signal
reception and the animal was positioned in a right lateral position in order to minimize
susceptibility artifacts from bowel gas. The signal intensity vs. time data were fitted to a
single decaying exponential function to determine the value of R2* (=1/T2*) that was used
as a semiquantitative measure of relative tissue oxygenation (13). An increase in R2*
indicates a decrease in tissue pO2.

All experiments were performed in anesthetized rats (Inactin 100 mg/kg) and were approved
by the Institutional Animal Care and Use Committee of our institution. For validation
purposes, imaging was first performed on Sprague-Dawley (SD) rats (n=5; wt: 494±25 gm)
in order to confirm results previously obtained on a different scanner (14). The studies were
then repeated on SHR (n=6; wt: 270±26 gm) and WKY rats (n=7, wt: 276±33 gm). All
animals were purchased from Harlan Laboratories (Madison, WI) and the SHR were at least
9 weeks old, the age by which they are known to become hypertensive (29). The femoral
vein was catheterized for administration of the NO synthase inhibitor L-NAME. After
obtaining a set of baseline T2*-weighted images, L-NAME (10 mg/kg) was administered i.v.
Further sets of T2*-weighted images were obtained every 2 to 3 minutes for about 30
minutes post-L-NAME.

R2* maps were generated from the T2*-weighted images using the inbuilt “FuncTool”
feature on the scanner. Regions of interest (ROIs) of at least 4 pixels were chosen on the
maps to obtain values for the mean and standard deviation of R2* in the renal medulla and
cortex. The statistical significance of the differences between pre- and post-L-NAME R2*
values was assessed using the two-tailed paired Student’s t-test.

RESULTS
Figure 1 shows representative R2* maps in SD and WKY rats. Owing to the relatively
smaller size of the SHR and WKY rats, the images are less impressive compared with SD.
In SD and WKY rats, the medulla is brighter than the cortex in the R2* maps because of its
lower basal oxygenation. There is a clear increase in R2* in the medulla post-L-NAME in
SD rats, indicating a reduction in medullary oxygenation. While a similar trend is observed
in WKY rats, no appreciable increase in medullary brightness is observed post-L-NAME in
SHR. The absolute magnitude of change observed in SD was higher than in WKY (38.5±5.4
to 63.5±5.7 Hz in the medulla and 29.2±4.3 to 42.8±4.1 Hz in the cortex). The exact cause
for this difference is not known.

Figure 2 displays graphs of medullary R2* vs. time for one representative SHR and WKY
rat. Note that the SHR exhibits minimal change in R2* over the 30 minute post-L-NAME
period during which the data was acquired, while the WKY rat shows a significant increase
in R2*. Also note the elevated baseline R2* in the SHR as compared with the WKY rat.

The individual and mean R2* values (averaged over all the rats of each strain) pre- and post-
L-NAME are shown in Figure 3. For statistical analysis, the average of all points acquired at
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least 20 minutes after L-NAME administration was used as post-L-NAME R2*. While the
WKY rats showed a statistically significant increase in medullary R2* post-L-NAME, the
change in SHR did not reach statistical significance. Note that, even at baseline, SHR rats
have higher R2* than WKY rats, suggesting low basal medullary oxygenation. The pre-L-
NAME medullary R2* value in SHR (31.9±2.8 s−1) is in fact similar to the post L-NAME
R2* value in WKY rats (32.5±2.2 s−1). Although the cortex in WKY also shows an increase
in R2*, it may be partly due to partial volume effects from the medulla (14).

Table 1 provides a summary of R2* values in the medulla and cortex of each strain pre- and
post-L-NAME. The post-L-NAME values are the average of all points acquired at least 20
minutes after L-NAME administration.

DISCUSSION
The data presented here demonstrate the utility of BOLD MRI in distinguishing
hypertensive from normal kidneys based on the differential effect of NO synthase inhibition
on medullary oxygenation. Statistically significant changes in R2* in response to L-NAME
were observed in WKY rats, but not in SHR. The fact that the baseline R2* value in SHR is
similar to the post-L-NAME value in WKY rats suggests that SHR have low basal
bioavailability of NO. This conclusion is consistent with previous findings in spontaneously
hypertensive rats, obtained using isolated cannulated arterioles (30). It also agrees with the
results of studies in humans of ischemia-induced reactive hyperemia in the peripheral
vasculature (31). In these studies, subjects with essential hypertension showed reduced
hyperemic response compared with normal controls, demonstrating diminished NO
bioavailability (23,32–34).

Our results show changes in R2* in the renal cortex in response to L-NAME administration.
While it is possible that this reflects a true change in cortical oxygenation that is consistent
with observations by Welch et al (35), we suspect it may be partly related to partial volume
effects from the medulla. In principle, one would expect little or no response in the cortex
because the cortex is well oxygenated (relative to the medulla) and thus falls near the plateau
of the hemoglobin oxygen-saturation curve. A change in blood pO2, therefore, produces
relatively little variation in the ratio of oxyhemoglobin to deoxyhemoglobin in the cortex as
compared with that in the medulla and should have minimal effect on the BOLD signal. The
fact that we observed a BOLD response may be due to the fact that the kidney in rats is so
small that voxels apparently lying in the cortex may also contain medullary tissue.

Owing to the influence of geometrical factors, a major limitation of the BOLD MRI
technique for the evaluation of oxygenation is the absence of a direct relationship between
R2* and blood pO2. This precludes the quantitative interpretation of R2* data in terms of
blood, and hence tissue, pO2. However, in the absence of any alternative noninvasive
technology to provide such information, BOLD MRI should still have a major impact on the
study of ischemic renal disease in humans.

While the present study was performed in an animal model due to the use of L-NAME, the
imaging protocol is well suited for clinical applications. Experiments analogous to the one
reported here should be easily translated to human studies with a careful choice of
vasoactive substances. We are currently considering the use of an alternative NO synthase
inhibitor, L-NMMA, that is preferred for human use and is approved for investigational
purposes (36–39). The BOLD technique itself is routinely used in humans and, in fact, is
easier to apply in human studies than animal experiments due to the larger size and the
possibility of breath-holding.
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Reports in the literature indicate that the factors that reduce medullary blood flow are those
commonly associated with elevations of arterial pressure, such as NO synthase inhibition.
Conversely, factors that increase medullary blood flow are those believed to lower blood
pressure, such as acetylcholine and prostaglandins (3). Given that BOLD measurements of
renal oxygenation are correlated with blood flow, this suggests that BOLD MRI may be a
useful tool to evaluate the potential effectiveness of antihypertensive pharmacological
therapies. Among these are treatments involving oxygen free-radical scavengers (40).
Although the exact mechanism of action of free-radical scavengers is not yet known, it has
been shown that they improve endothelium-dependent vasodilation in human subjects (32).
BOLD MRI should provide a useful tool to monitor efficacy of such therapies.
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Figure 1.
Representative pre- and post-L-NAME R2* maps from a SD and WKY rat. Note the
relatively brighter medulla in the post-L-NAME map as compared with pre-L-NAME map,
signifying a reduction in medullary oxygenation. The window and level settings for both the
maps are exactly the same. The trend of increased R2* values in the medulla post-L-NAME
is consistent with our previously published data (14).
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Figure 2.
Plot showing medullary R2* vs. time for one representative SHR and WKY rat. Note that
the SHR shows a relatively small change in R2*, while the WKY rat shows a significant
response to L-NAME (administered at time zero). Also note the difference in baseline
values between the two rats. The higher baseline R2* in the SHR is consistent with results
reported previously by other groups of inherent reduced bioavailability of NO in the kidneys
of hypertensive rats (23). The error bars indicate the standard deviation in each ROI
measurement.
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Figure 3.
a: Illustration of individual changes in medullary R2* post-L-NAME in SHR and WKY rats.
Average of all points acquired at least 20 minutes after L-NAME administration was used as
post-L-NAME R2*. Mean R2* values pre- and post-L-NAME were averaged over all rats of
each strain. b: Mean R2* values pre- and post-L-NAME in the renal medulla and cortex
averaged over all rats of each strain. Note the difference in baseline values between the two
rats. The higher baseline R2* in the SHR is consistent with results reported previously by
other groups of inherent reduced bioavailability of NO in the kidneys of hypertensive rats
(23). *P < 0.05 by paired two-tailed Student’s t-test.
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