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Abstract

Purpose—To investigate whether arterial spin labeling (ASL) MRI is sensitive to changes by 

pharmacologically induced vasodilation and vasoconstriction in rat kidneys.

Materials and Methods—Changes in renal cortical blood flow in seven rats were induced by 

Adenosine infusion (vasodilation) and L-NAME injection (vasoconstriction). All imaging studies 

were performed on a 3T scanner using a FAIR-TrueFISP sequence for the ASL implementation. 

The acquisition length for each ASL scan was 6 minutes. Cortical perfusion rates were calculated 

using regions-of-interest analysis, and the differences in perfusion rates during baseline, 

vasodilation, and vasoconstriction were compared and assessed for statistical significance.

Results—Compared to the baseline, an average of 94 mL/100g/min increase and 157 mL/

100g/min decrease in cortical perfusion was observed following adenosine infusion and L-NAME 

administration respectively. The changes in cortical perfusion were significant between baseline 

and vasodilation (p < 0.05), baseline and vasoconstriction (p < 0.01), and vasodilation and 

vasoconstriction (p < 0.01).

Conclusion—ASL is sensitive to pharmacologically induced perfusion changes in rat kidneys at 

doses comparable to current use. The preliminary results suggest the feasibility of ASL for 

investigating renal blood flow in a variety of rodent models.
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INTRODUCTION

In recent years, non-contrast functional MRI approaches (e.g. BOLD, diffusion, perfusion) 

applied to kidneys are becoming accepted to evaluate renal function (1), which now play a 

key role in translational research (2). This includes arterial spin labeling (ASL), a non-

invasive MRI technique that uses water molecules in blood as an endogenous tracer to 

assess tissue perfusion (3). ASL has been validated in both humans (4) and animal (5) 

models to provide quantitative assessment of renal tissue blood flow. Recently, perfusion 

estimates in human with ASL were shown to demonstrate significant differences between 

healthy and patients with chronic kidney disease (CKD) (6). Reduced blood flow is 

implicated in the initiation and progression of CKD (7). Although contrast enhanced 

perfusion MRI is feasible to evaluate relative blood flow in patients, the risk of developing 

nephrogenic systemic fibrosis (8) limits its use in subjects with compromised renal function. 

ASL thus provides a viable alternative.

Small animal models are often used to provide better understanding of the pathophysiology 

of the disease and its progression (9). Compared to human and large animals, the smaller 

anatomical size of the kidneys in rats and/or mice makes the existing challenges in ASL 

such as peristaltic and respiratory motion, perfusion sensitivity, and susceptibility artifacts 

arising from air-tissue interface in the abdomen more severe. Despite these technical 

difficulties, several studies have shown the initial feasibility of ASL in small animal models. 

ASL was shown to detect abnormal perfusion in a rat model of acute kidney injury (10) and 

transplanted kidneys (11). Recently, Rajendran et al. investigated the implementation and 

feasibility of ASL at 7T in mice (12).

An inherent requirement of functional methods is to show acute changes following a 

physiological or pharmacological stimuli (13). In this study, we investigated whether ASL 

perfusion imaging has sufficient sensitivity to changes induced by pharmacological stimuli 

at commonly used doses (14).

MATERIALS AND METHODS

All animal handling and experiments were conducted under a protocol approved by the local 

Institutional Animal Care and Use Committee (IACUC) and in accordance with animal 

welfare regulations. A total of 7 Sprague Dawley rats were examined in this study.

Animal Preparation

Seven rats with weights ranging from 368 to 521 grams were obtained from Charles River 

(Chicago, IL) and housed at the institutional animal care facility. The animals were fed with 

standard rodent chow and water ad libitum. A catheter (PE-50) was placed in the femoral 

vein for administration of vasoactive drugs. All procedures were conducted under anesthesia 

using Inactin (thiobutabarbital sodium, 100 mg/kg i.p., Sigma-Aldrich, St. Louis, MO).

Pharmacological Agents

Adenosine and L-NAME (Sigma-Aldrich) were chosen in this study to induce renal blood 

flow changes based on prior experience with these agents (14). Adenosine is an endogenous 
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nucleoside known to stimulate a variety of vascular receptors in the kidneys. The effect of 

adenosine is vasodilation when administered as intravenous infusion (15). The duration of 

action of adenosine is very short (16), and thus can be used repeatedly. L-NAME, a 

synthetic nitric oxide synthase inhibitor, was used for vasoconstriction (17,18). The duration 

of action for L-NAME is greater than 2 hours (19).

Perfusion Study Design

In this study, adenosine was formulated from 200 mg/kg adenosine hemisulfate salt and 

dissolved in 10 mL saline. An infusion pump was used to infuse the dissolved adenosine 

with a rate of 0.05 mL/min resulting in a dose rate of 1 mg/kg/min. The pump was situated 

outside the scan room and connected to the animal via silicone tubing through a waveguide. 

L-NAME was administered into the femoral vein as a 10 mg/kg (body weight) bolus.

Due to the rapid onset and short duration of response for adenosine (16) and the long 

duration of action of L-NAME (19), six perfusion measurements were made in the order 

illustrated in Figure 1. The Adenosine infusion was alternated between baseline (OFF) and 

vasodilation (ON) to test the reproducibility of the observed response. Adenosine infusion 

and L-NAME injection were started 10 – 15 minutes prior to the start of ASL imaging. The 

Adenosine infusion remained ON during the ASL acquisition.

Imaging Protocol and Perfusion Quantification

All imaging studies were performed on a Siemens 3T scanner (MAGNETOM Verio, 

Siemens HealthCare, Erlangen, Germany) with an eight-channel knee coil (Siemens 

HealthCare) for data collection. Each animal was placed on a cushion at the center of the 

knee coil in a right lateral decubitus position during imaging. ASL sequence was 

implemented with a flow-sensitive alternating inversion recovery (FAIR) (20) preparation 

and a balanced steady state free precession (TrueFISP) readout (6,21). Imaging parameters 

were: FOV/TE/TR = 83mm/2.5ms/6s; flip angle = 60°; slice thickness = 4.5 mm; averages = 

30; imaging matrix = 128 × 78 (frequency x phase); post labeling delay = 1.2s; labeling 

band thickness = 10mm; bandwidth = 651 Hz/Px. A selective inversion band thickness of 

8mm was used to ensure proper tagging efficiency. A linear ramp catalyzation pulse was 

used for the TrueFISP readout. 30 control and label pairs were acquired in 6 minutes of scan 

time. A proton density weighted image was acquired with the same TrueFISP readout 

immediately following the FAIR-TrueFISP scan with a TR = 10s for perfusion 

quantification.

Raw data was transferred for offline post-processing using MATLAB (MathWorks, Natick, 

MA). Images were first aligned using FMRIB’s Linear Image Registration Tool (FLIRT, 

FMRIB, Oxford, United Kingdom) (22) with the first image in the perfusion series as the 

reference. The difference images obtained by subtracting the control from the label images 

were averaged into a single perfusion weighted image. Quantitative renal blood flow maps 

(RBF) were then calculated using a single compartment model on voxel to voxel basis
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where f is the perfusion rate (in the unit of ml/100g/min), λ is the blood-tissue water 

partition coefficient, which is assumed to be 80 ml/100g (23), α is the inversion efficiency 

which is assumed to be 0.95, ΔM is the averaged difference between the control and label 

images and considered as perfusion weighted image, M0 is the equilibrium magnetization of 

the tissue (proton density). TI=1.2s is the post labeling delay time (10). T1 of 1.14 sec is 

assumed for the renal cortex (24).

Data Analysis

Mean perfusion rates were calculated by manual selection of regions-of-interests (ROI) on 

RBF maps. ROIs were defined in the renal cortex for both kidneys. Renal arteries were 

carefully excluded in the ROIs. Only one kidney was imaged in three rats due to the 

different lateral position of the kidneys. A total of 11 kidneys were used in the final analysis.

The effects of Adenosine and L-NAME were analyzed using paired t-tests. A p-value of 

0.05 is considered to indicate significance. The reproducibility of the baseline and 

Adenosine scans were assessed using coefficient of variations (CV).

RESULTS

An illustration of the representative RBF map for each condition is shown in Figure 2. Renal 

cortex can be clearly distinguished from the renal medulla in the baseline and vasodilation 

scans. Retrospective motion correction and signal averaging were sufficient to minimize 

motion artifacts and the final RBF maps were of sufficient quality for analysis.

One rat died during data acquisition after the first L-NAME injection. The data analysis on 

the effects of L-NAME was hence based on only 6 animals. The mean and the standard 

deviation of the cortical perfusion rates were 363 ± 57 ml/100g/min for the first baseline 

scan, 427 ± 60 ml/100g/min for the first Adenosine scan, 357 ± 56 ml/100g/min for the 

second baseline scan, 445 ± 65 ml/100g/min for the second Adenosine scan, 218 ± 51 ml/

100g/min for the first L-NAME scan, and 176 ± 48 ml/100g/min for the second L-NAME 

scan (Figure 3). The baseline perfusion rates for the cortical tissue were similar to reported 

values in previously reported studies (10,12). Vasodilation with Adenosine resulted in an 

average of 94 ml/100g/min increase in perfusion (26% increase) compared to baseline; and 

vasoconstriction with L-NAME lowered the cortical perfusion by an average of 145 ml/

100g/min after the first injection of L-NAME (36% decrease) compared to baseline. The 

cortical perfusion further dropped an average of 40 ml/100g/min following the second L-

NAME injection (46% decrease compared to the baseline). The perfusion rate drop between 

the first and second L-NAME injection (p < 0.05) is consistent with the long action times. 

The changes in perfusion rate were significant between baseline and vasodilation (p < 0.05), 

baseline and vasoconstriction (p < 0.01), and vasodilation and vasoconstriction (p < 0.01). 

The coefficients of variations were 4% and 11.6% for baseline and adenosine measurements, 

respectively, indicating good reproducibility.
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DISCUSSION

In healthy kidneys auto-regulation will maintain RBF and glomerular filtration rate (GFR) 

values over a wide range of arterial pressures. GFR varies linearly over the normal range of 

RBF values. In diseases, previous studies (25) have shown that RBF was found to be a 

strong independent predictor of the GFR. In this study, feasibility of FAIR ASL to obtain 

quantitative renal perfusion measurement on a clinical 3T scanner in a rodent model was 

demonstrated. Furthermore, we have shown that FAIR-ASL was sensitive to variations in 

renal perfusion caused by pharmacologically induced vasodilation and vasoconstriction. The 

findings suggest that it is feasible to use ASL to investigate various effects on renal blood 

flow in rodent models, such as contrast-induced acute kidney injury (26).

On average, the cortical perfusion increased by 26% during Adenosine infusion (at a dose 

rate of 1 mg/kg/min) and decreased by 36% after the first L-NAME injection (10 mg/kg 

bolus). In two animals, one of the two vasodilation scans during Adenosine infusion resulted 

in little or negative change in cortical perfusions (0.8% and −6% respectively). We do not 

know the exact cause for these observations, and can only speculate that it may be a 

consequence of pump malfunction, or a delayed response to the Adenosine. In a previous 

study, Granstam et. al (27) reported a 60% decrease in blood flow at similar dose using 

microsphere analysis following the L-NAME injection (dose), which was a larger change 

than we have observed. However, they have followed the bolus L-NAME injection with an 

infusion for 10 minutes at a rate of 10 mg/kg. In our study, the cortical perfusion decreased 

further by an average of 20% after the second L-NAME injection. This cumulative response 

was more consistent with the changes reported by Granstam et al.

The dosage of the vasoactive drugs in this study was chosen based on a previously published 

animal study looking for blood volume changes by contrast enhanced MRI (14). During our 

initial testing, we observed little (less than 3%) cortical perfusion change (data not shown) 

with an adenosine dose rate of 0.5 mg/kg/min (14). Subsequently, we doubled the dosage of 

Adenosine to 1.0 mg/kg/min. As shown, the average increase in perfusion was 94 mL/

100g/min during adenosine infusion and was comparable to the averaged standard deviation 

in the baseline perfusion measurements of 107 mL/100g/min (this excludes the two 

previously mentioned instances where adenosine infusion resulted in anomalously low level 

of change). The need for higher dose of adenosine is consistent with the known limitation in 

terms of sensitivity of ASL compared to contrast enhanced studies such as the previous 

report (13). The response to L-NAME was more robust at the doses currently used (14).

While respiration is generally considered as a challenge for abdominal imaging, we 

observed very little image quality degradation. The post-processing co-registration 

technique was sufficient to minimize registration errors and no apparent subtraction artifacts 

were observed in the final perfusion maps. A thick labeling band (nearly twice the thickness 

as the imaging slice) was used to ensure the inversion efficiency (6). This can result in a 

sensitivity to transit time delay (28) and hence contribute to quantification errors. The use of 

adiabatic frequency offset corrected (FOCI) pulse (29) for selective inversion could reduce 

this effect (21). However, imaging slice profile also needs to be optimized to achieve 
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maximum reduction in transit time effects (28). Additional saturation pulses (30) can further 

eliminate transit time related quantification errors.

Medullary perfusion was not analyzed in this study due to the concern of partial volume 

effects and the poor sensitivity of FAIR ASL to the slow flow in the medulla. This was a 

limitation of the ASL implementation and the use of standard clinical scanner. Alternatively, 

the use of higher field strength magnets dedicated for small animal imaging may allow for 

measuring medullary perfusion facilitated by the elongated T1 of the blood and hence 

allowing for longer inflow time. Alternately, higher field strengths could facilitate increased 

spatial resolution. However, ASL may be more sensitive to motion errors that retrospective 

correction techniques may not provide satisfactory results and additional techniques such as 

respiratory triggering (12), navigators (6,12,31), and selective averaging (32,33) may 

become necessary.

CONCLUSION

Data provided in this preliminary study support the feasibility of FAIR True-FISP based 

renal perfusion MRI in rat kidneys and demonstrate adequate sensitivity to pharmacological 

induced blood flow changes. This suggests feasibility of using the measurement in concert 

with techniques such as BOLD MRI in various models of ischemic injury (10,11,26). 

Further studies are necessary to demonstrate similar sensitivity in human measurements of 

renal perfusion by ASL.
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Figure 1. 
Experimental design. Baseline and vasodilation scans were repeated to assess 

reproducibility. The vasoconstriction scans were repeated to study the cumulative effects of 

L-NAME.
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Figure 2. 
a) Illustration of ASL MRI. The imaging slice and the FAIR selective inversion plane are 

marked by the solid and the dotted box on the localizer image, respectively. A pair of 

control and label images is shown below the localizer image. The cortical ROI used for 

quantitative analysis is shown on the control image. The corresponding perfusion weighted 

image is shown at the bottom. b) Representative renal blood flow maps of rat kidneys at 

each experimental condition. Note the increased cortical perfusion with adenosine infusion 

and the decreased cortical perfusion with L-NAME injection.
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Figure 3. 
Comparisons of quantitative perfusion rates. Note the return to baseline perfusion values 

when the infusion of Adenosine was stopped. The increase in perfusion is comparable after 

each dose, and is statistically significant compared to the baseline. On the other hand, 

administration of L-NAME results in significant reduction in perfusion compared to 

baseline. Following the second administration, there is further significant reduction in 

perfusion. No significance difference was observed between the two baseline, as well as 

Adenosine scans.

* indicates significant difference (p < 0.05) comparing to the corresponding baseline scans.

+ indicates significant difference (p < 0.05) comparing to the first L-NAME scan
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